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ABSTRACT 
The theme of this study is reactivity at the ligand and how remote, relative 
to the metal, activation affects the metal center. The three approaches were the 
use of redox-active ligands, ligand protonation and Lewis acid coordination to 
ligands. The focus is on ligand design rather than substrate or metal 
optimization with a primary interest in reactivity with dihydrogen.  
The main thrust of the work has been the investigation of redox-active 
ligands in which redox occurs at the ligand. Redox-active ligands have been 
generally a curiosity in organometallic chemistry and have only recently been 
realized in catalysis. Presented here is one of the first examples of a system that 
incorporates redox-active ligands as a critical component to the catalysts. The 
complexes utilizing redox-active ligands became Lewis acidic upon oxidation, 
similar in behavior to the Noyori type catalyst that became Lewis acidic upon 
protonation.  
The catalysts containing redox-active ligand were used for the oxidation 
of H2. The interest in H2 oxidation is the hope that it will fulfill the need for a new 
fuel source. This interest has lead to the development of soluble catalyst that 
can oxidize H2 to protons and electrons, in order to further study the 
mechanism. Redox-active ligands have lower reorganizational barriers because 
redox at organic substituents are typically lower than for inorganic centers. 
Furthermore, redox-active ligands can supplement the electrons/holes 
transferred from the metal, which can facilitate reactions that require multi-
electron transfers. 
The next theme was the use of borane Lewis acids bound to a 
coordinated ligand, which dramatically changed the ligands from a donor to an 
acceptor. This type of reaction at the ligand fundamentally changes the reactivity 
at the metal, however, the affects are not as dramatic as say substituting the 
ligand. A largh enough change in ligand polarity can affect oxidation-state at the 
metal. The oxidation state of a metal becomes very difficult to assign when 
multiple electronic structures exist between the metal and the ligand. In fact in 
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many ways the concept of metal oxidation state becomes meaningless as the 
electronic structure of the ligand becomes more complicated. These subtler 
changes in ligand oxidation state and the affects they have on reactivity at metal 
have not been as widely explored in catalysis. Remote activation of a metal 
center through reacts at coordinated ligands will be explored here in. 
The coordination of boranes to cyanide ligands is well know, however, 
this theme has not been applied to hydrogenase models. Cyanide is an essential 
component of the [FeFe]- and [NiFe]-hydrogenase active sites, both enzymes 
feature two cyanide ligands, however, models using cyanides ligands are 
plagued by undesirable side reactions such as metal-cyanide bridged polymers 
and decomposition. The bound boranes are used to simulate the hydrogen 
bonding found in the enzymes. The complexation of Lewis acids to cyanides 
offers an advantage over alkylation, in that the inductive affect of the borane can 
be tuned to better approximate the correct level of hydrogen bonding found in 
the enzyme.   
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Chapter 1.   Reactions at Coordinated Ligands 
1.1.   Reactions at Coordinated Ligands 
The classes of reactions in coordination chemistry are: substitution, 
addition, ligand rearrangement, metal redox, and reactions at coordinated 
ligands. While the first four classes constitute a majority of coordination chemistry 
over the past hundred years, the last case stands out against the more classic 
reactions in that reactivity at the metal is not the central focus. Changing a ligand 
from a donor to an acceptor by reaction at the ligand changes the reactivity at the 
metal. Much like the concept of umpolung in organic chemistry,1 a large enough 
change in ligand polarity can affect oxidation-state at the metal. The oxidation 
state of a metal becomes almost meaningless as the electronic structure of the 
ligand becomes more complex. These changes in ligand oxidation state and 
polarity and the affects on reactivity at metal have not been widely explored in 
catalysis. Remote activation of a metal center through reactions at coordinated 
ligands will be explored here in.  
1.2.   Redox “Non-Innocent” Ligands  
Complexes of “non-innocent” ligands have long attracted the attention of 
chemists. The idea of ligand “innocence’s” originated in 1966 with Jorgensen, 
who described that “ligands are considered innocent when they allow oxidation 
states of the central atoms to be defined.”2 One of the major classes of 
“non-innocent” ligands are redox-active ligands.3-5 Redox changes remote from 
the metal center affects the reactivity at the metal, however, this effect is not 
well understood.6,7  
A single redox-active ligand is capable of acting as a donor or acceptor 
depending on the redox state. Because changes in the metal redox state often 
result in dramatic changes in the complexes' geometry and the metal bonding 
character,8 the processing of small inorganic substrates (H2, N2, O2, etc.) by 
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means of redox reactions is often plagued by large activation energies. Large 
activation energies results in large over-potentials, and consequently extra 
energy is wasted to overcome the activation energy.9-12 One strategy for 
designing catalyst that operate at low over-potentials is by incorporating smaller 
steps in the reaction profile, i.e. avoiding high and low energy intermediates 
(Scheme 1.1). The use of redox-active ligands in small molecule processing 
allows for dramatic changes in the reactivity at the metal without formally 
changing the oxidation state.  
 
 
 
Scheme 1.1.   Reaction profile for the oxidation of H2O (Not to scale). 
The redox potentials of organic substituents are typically lower than 
inorganic centers because the electronic charge is distributed over several 
atoms. The distribution of charge results in smaller changes in the bonding 
character of the organic moiety and thus operates at lower redox potentials due 
to lower reorganizational barriers. Furthermore, when redox-active moieties are 
used as ligands, they supplement the electrons/holes transferred from the metal, 
which can facilitate reactions that require multi-electron transfers. 
Organometallic complexes containing redox-active ligands have been studied 
for many years, however, their use in catalysis is uncommon.13-16 The use of 
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redox-active ligands for the processing of small molecules is prevalent in 
enzymology17, especially for O2 processing,
18 and synthetic models containing 
redox-active ligands have been made. 19-21  
Hartl et al. use of a manganese catecholate complex demonstrates the 
dramatic difference between metal and ligand redox. The complex  
[(t-Bucat)Mn(CO)3]
-, t-Bucat is 3,5-di-tert-butylcatechol, is capable of ligand and 
metal redox (Scheme 1.2).11 The highest occupied molecular orbital (HOMO) in 
[(t-Bucat)Mn(CO)3]
- is on the catecholate ligand while the lowest unoccupied 
molecular orbital (LUMO) is on the metal. Reduction of [(t-Bucat)Mn(CO)3]
- to form 
[(t-Bucat)Mn(CO)3]
2- decreases the !CO, with the average change "!CO = 160 cm
-1. 
Oxidation of [(t-Bucat)Mn(CO)3]
- occurs at the ligand, the one-electron oxidation 
increases the !CO with an average shift "!CO = 47 cm
-1 . EPR, UV-Vis, Raman, 
and DFT calculations show the location of the radical. Reduction results in the 
radical to be predominantly metal in character, while oxidation is ligand in 
character. Metal redox causes a large change in !CO while ligand redox causes a 
smaller changes in !CO, albeit both changes are significant.  
 
 
 
Scheme 1.2.   Oxidation and reduction of [Mn(CO)3(t-Bucat)]– and the resulting 
change in !CO. 
1.3.   Reactivity of Complexes Containing Redox-Active Ligands 
There exist few studies in which reactivity at a metal center is correlated 
with the oxidation state of a redox-active ligand. One such study found that the 
rate of nucleophilic attack at a carbonyl ligand on (dppco)Re(CO)4, dppco = 1,1ʼ-
bis-diphenylphosphine cobaltocene, is noticeably different depending on the 
oxidized state of the ligand. The dppco ligand exists in two oxidation states which 
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can only be accessed at a large cathodic potential. Nucleophilic attack at a 
carbonyl on (dppco)Re(CO)nLm is 5400 times faster in the oxidized state of the 
dppco ligand than the reduced state. The rhenium metal center oxidation state is 
formally unchanged while the reactivity is increase dramatically.(Scheme 1.3).12  
 
 
 
 
Scheme 1.3.   Nucleophilic attack at CO where M = Re, and L = CO 
Chirik et al. utilize a pincer ligand that is capable of modulating electron 
density through resonance stabilization of the charge across a conjugated 
!-system (Shceme 1.4). The oxidation state of the ligand and metal are closely 
intertwined, however, the importance of the ligand oxidation state is still not well 
understood, despite the high reactivity of the complexes.22 
 
 
 
Scheme 1.4.   Resonance structure between iron metal center and 
diamide-pyridine pincer ligand 
Milstein et al. extensively utilize the pincer ligand motif that are an integral 
component to the reactivity of the metal.20 The pincer ligands are extraordinary 
in that they can be easily oxidized or reduced by the metal substrates and are 
essential to the reactivity at the metal center  (Scheme 1.5). One example is the 
use of the PCP-naphthalene ligand bound to a rhodium metal center, in which 
naphthalene moiety is reduced and the complex is capable of reducing H2O at 
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the metal center. While the bound naphthalene radical is capable of reducing 
H2O, unbound naphthalene radicals cannot.
21  
 
 
 
Scheme 1.5.   The ligand plays a critical role in the activation of H2. 
1.4.   Enediolate and Catecholate Type Ligands 
The traditional and most numerous redox-active ligands are derived from 
the butadiene motif (Scheme 1.6). The classic redox-active ligands dithiolene, 
diimine, and diones are well-reviewed in the literature23, 24 but these complexes 
often operate at harsh redox potentials, and have a tendency to dimerize upon 
oxidation. Another class of redox-active ligands are based on 1,2-disubsituted 
benzenes (Scheme 1.6).25-29 Few complexes containing catecholates and 
dithiolates are characterized in more than one oxidation state due to 
decomposition or dimerization of the oxidized species.30 
 
 
 
 
Scheme 1.6.   Redox-active ligands based on butadiene (top) and catecholates 
(bottom).  
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Redox-active ligands based on quinoidal-type molecules can exist in 
multiple oxidation states which oxidize at mild redox potentials relative to metal 
oxidations. The mild redox potential of quinoidal-type ligand is due to resonance 
stabilization of the charge over several atoms. The coordination chemistry of 
quinones, especially ortho-quinone (catechol), is rich due to the interplay of 
electrons between the ligand and the metal center (Scheme 1.7), and they 
coordinate to transition metals by donor-acceptor complexation. Metal carbonyl 
and cyclopentadienyl complexes of catecholates and dithiolenes are, however, 
rarely stable in more than one oxidation state.28, 31  
 
 
 
Scheme 1.7.   Oxidation states of the catechol ligand and resonance structures. 
1.5.   Triggering Lewis Acidity 
The ability to “turn on” Lewis acidity is critical in the development of novel 
and important catalysts, such as the Noyori type catalysts.32 Protonation of the 
amido-group on Cp*Ir(TsDPEN), TsDPEN = N-tosyl 1,2-diphenylethylene 1,2-
diamine, forms the cationic amino, [Cp*Ir(HTsDPEN)]+, in which the Lewis acidity 
increases substantially.33 The strong #-donor ability of the amido ligand 
stabilizes the 16e- complex. While the 16e– amido complex shows no tendency 
to bind Lewis bases, the protonation of the complexes increases the Lewis 
acidity and [Cp*Ir(HTsDPEN)]+ binds Lewis bases that Cp*Ir(TsDPEN) will not. 34  
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Oxidation at metal centers is known to dramatically increase the Lewis 
acidity of a metal center but at the expense of large kinetic barriers. The 
magnitude of remote, ancillary ligand, oxidation is not well understood.35 Like 
protonation of amido groups, remote oxidation is expected to increase the 
Lewis acidity of the metal centers that are formally coordinatively unsaturated.36 
The ligand !-orbitals, which stabilize the 16e– unsaturated complexes, are also 
the redox-active orbitals (HOMO).27, 37, 38 Ligand oxidation would enhance the 
Lewis acidity at the metal by raising the formal positive charge on the complex 
and weakening the metal-ligand #-bonds (Scheme 1.8). 
 
 
 
Scheme 1.8.   Proton-induced Lewis acidity (PI-LA) versus oxidation-induced 
Lewis acidity (OI-LA) of a 16e metal complex.  
1.6.   Amidophenolates in Catalysis 
The N-substituted aminophenolates popularized in part by Wieghardt et al. 
readily form metal complexes that oxidize at mild potentials.38-41 Furthermore, by 
virtue of their bulky substituents, the amidophenolates oxidize to give complexes 
that remain monomeric. Dimerization is common with dithiolenes which prevents 
substrates from binding, thereby shutting down any potential catalysis 
(Scheme 1.9).42 Also the amidophenolate ligand does not dissociate upon 
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oxidation, which is a common degradation pathway for complexes containing 
catecholates and quinone.10, 13 
 
 
 
Scheme 1.9.   Dimerization of oxidized dithiolate complexes 
One example of ligand-centered oxidation and the increase in reactivity 
comes out of our lab. The use of a redox-active ligand for remote activation 
increases the electrophilicity of a metal bound olefin (Scheme 1.10).43 These 
complexes are attractive from a practical perspective, as preparation of the  
amidophenolate is easy, starting from inexpensive precursors. For example, 
catechol is efficiently converted to 3,5-di-tert-butyl derivative,44 and converting the 
resulting disubstituted diol is done via condensation with any primary amine 
thereby forming the aminophenol.45 
 
 
 
Scheme 1.10.   Ligand oxidation has a drastic effect on nucleophilic attack to 
ancillary ligands. 
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substrate to a d0 metal in which the ligand provides the electrons to form the 
metal-substrate bonds.9, 45, 46 Redox-active ligands also allow for the potential 
use of first-row transition metals in catalysis, i.e. oxidative addition and 
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reductive elimination, in which Rh, Ru, and Pd dominate the field. The reason 
that first-row transition metals are generally impractical for catalysis is the 
tendency for them to operate through one-electron redox couples which can 
result in unproductive side reactions. The Soper group is able to deal with the 
problem of one-electron couples through the use of the redox-active ligands. 
The example shown in Scheme 1.11 is an examples of a cross-coupling reaction 
using redox-active ligands.47 These findings are a step towards the fulfillment of 
novel catalysts in which the ligand becomes integral to the electronic properties 
of the catalyst. 
 
 
 
Scheme 1.11.   Cross-coupling using a cobalt complex containing redox-active 
amidophenolates. 
1.7.   Lewis Acid Adducts of Bound Ligands 
The coordination of a Lewis acid to a coordinated ligand increases the 
acceptor ability of the ligand and changes the reactivity at the metal. For 
example, the coordination of Lewis acids to a carboxylate bound to a metal 
fundamentally changes the nature of the carboxylate ligand, i.e. going from a 
weak donor to a strong acceptor. The strong inductive effect of boranes causes 
the metal-carboxylate to exist in the zwitterionic configuration (Scheme 1.12). 
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Scheme 1.12.   Resonance structure of BPhF3 bound to metal carboxylate 
The coordination of Lewis acids to metal-carboxylates for the Shell 
Higher Olefin Process (S.H.O.P.) catalysts, Ph2PC6H4CO2Ni(η3-methylallyl) 
increases the reactivity of the catalyst. Coordination of B(C6F5)3 to the 
carboxylate ligand in Ph2PC6H4CO2Ni(η3-methylallyl) increases the activity nearly 
10 fold, as appose to the non-Lewis acid coordinated nickel catalyst.48 The 
coordination of Lewis acids to carboxylates weakens the M-O bond as showed 
in resonance structures (Scheme 1.12). The enhanced reactivity of the S.H.O.P 
catalyst may be due to several factors, such as the increase in electrophilicity of 
the metal or preventing the carboxylate from bridging two nickel centers causing 
the catalyst to die. 
The ligand geometry around a metal center can be change due to the 
protonation of a ligand. Protonation of isonitriles changes the bonding nature of 
the ligand, adopting an amino-carbyne configuration. The protonation of the 
isonitrile induces the ligands to isomerize (Scheme 1.13).49 The isomerization of 
protonated isonitriles is critical in later work by the Lippard group in which the 
addition of two equivalents of HCl to trans-(t-BuNC)2Mo(dppe)2 causes the 
isonitriles to couple, where it is necessary for the ligands to be mutually cis 
before C–C coupling can occur (Scheme 1.14).50, 51 
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Scheme 1.13.   Protonation induced isomerization of isonitriles complex 
 
 
Scheme 1.14.   Proton-induced C-C coupling of isonitrile ligands. 
Modifying the donor or acceptor nature of ligands by coordinating a 
Lewis acid to the ligand can result in the geometry around a metal to change. 
The addition of trimethylsilyltriflate promotes the isomerization of cis-
Mo(CO)4(P(OR)3)2 to trans-Mo(CO)4(P(OR)3)2, where R = Ph, Et, or Me (Scheme 
1.15).52 The cis-trans isomerization occurs only in the presence of the Lewis acid 
and not in the absence. The mechanism by which isomerization occurs is 
through the reversible binding of the TMS+ to the phosphite ligand. When the 
TMS+ binds to the phosphite the overall charge of the complex increases and 
the cationic complex rapidly isomerizes. The main drawback with this work is 
that the Lewis acid adduct intermediate is not isolatable, and the mechanism is 
determined qualitatively. In the absence of the LA the complex slowly isomerizes 
back to the cis configuration. 53-55  
Re
PMe3Me3P
C
C
ClMe3P
N
N
Re
PMe3Me3P
Cl
C
CMe3P
N
N
+
H
HBF4
Mo
Ph2
P
Ph2
P
C
C
P
Ph2
P
Ph2
N
N
Mo
Ph2
P
Ph2
P
Cl
P
Ph2
P
Ph2
tBuN
+H
2 HCl
NtBu
H
 
 
 12 
 
 
Scheme 1.15.   LA-induced isomerization of phosphite ligands 
1.8.   Lewis Acid Adducts of M-CN 
Cyanide is one of the fundamentally important diatomic ligands. Bridging 
cyanides are present in some of the first synthetic inorganic complexes, i.e. 
Prussian blue. The ambident nature of cyanide distinguishes it from carbon 
monoxide. The cyanide HOMO exists along the CN– bond axis and is 
predominately the lone pair on the carbon. The carbon atom of CN– is more 
basic than the nitrogen, which is consistent with the molecular orbital 
description (Scheme 1.16). 
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Scheme 1.16.   Molecular orbital diagram of CN–  
Cyanide is capable of the transmitting inductive effects. Cyanide and 
hydrogen cyanide (HCN) are known to form adducts with Lewis acids. 56,57 The 
formation of K4Fe(CNBF3)6 from the coordination of BF3 to K4Fe(CN)6 results in 
an increase in the ligand field strength of cyanide (ca. 1000 cm-1). 58, 59 Similar 
changes in ligand field strength occur upon protonation, alkylation, and 
hydrogen bonding. 60, 61 The spectral shifts are due to a decrease in !-donor and 
an increase in "-acceptor ability of the cyanide ligand, in essence making 
cyanide a tunable analog of CO. 
1.9.   Relative Lewis Acidity  
Unlike a pKa scale, quantifying Lewis acidity is difficult. One common 
method for measuring relative Lewis acidity is the Childs Method, which 
measures the difference in 1H-NMR signal between free crotonaldehyde and LA-
bound crotonaldehyde.62, 63 The inductive effects of various Lewis acids bound 
to metal-cyanides is also used to establish relative Lewis acidities scales.64 
The Childs method relies on the inductive effect along a conjugated 
"-system. Determining the relative Lewis acidity by binding them to a metal 
cyanides is more relevant to the types of organometallic complexes discussed 
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herein. The influence a LA has on the electronics at the metal is much more 
complex. The relative Lewis acidities of several boranes coordinated to 
CpFe(CO)2CN is found by  measuring the change in νCO (Table 1.1). The relative 
Lewis acidity using CpFe(CO)2CN-LA versus the Childs’ method is in good 
agreement, however, the relative Lewis acidity of B(C6F5)3 is inconsistent. Using 
the iron-carbonyl method BPhF3 is more acidic then BF3 
 
 
Table 1.1.   Relative Lewis Acidity of Boranes65  
 
a. values from ref.66 b. values from ref.67 #CO between bound and unbound 
CpFe(CO)2(CN) sym and asym. Average between #sym and #asym.  
c. ref 62 
d. ref 68 
  
Fe
C
C C N (LA)
O
O
CpFe(CO)2(CN(LA)) 2055 
 
2007 
   
 
νCO sym Δ νCO asym Δ average CO Childs' LA 
BH3 2070
a 15 2016a 9 12  
BMe3 2066
a 11 2023a 16 13.5 
 BF3 2073
a 18 2030a 23 20.5 0.77c 
BPhF3 2076
b 21 2032b 25 23 0.72d 
BCl3 2076
a 21 2037a 30 25.5 0.93c 
BBr3 2077
a 22 2038a 31 26.5 1c 
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1.10.   Cyanide Bound BPhF3 
The Lewis acid B(C6F5)3 (BPh
F
3), a relatively air stable and moisture 
tolerant reagent, is critical to many catalytic processes.69 BPhF3 binds to cyanide 
in though the carbon or the nitrogen, depending on the nature of what the 
cyanide is bound to first. The reaction of (18-crown-6K)CN with one equivalent 
BPhF3 results in the formation of the boronitrile, [NC-BPh
F
3]
–, the addition of a 
second equivalent of BPhF3 results in the formation of the bridging cyanide, 
[PhF3B-NC-BPh
F
3]
–.67 There are several reports of cyanide type adducts binding 
BPhF3, however, free boroisonitrile, i.e. R3B-NC
–, is not stabile unless the cyanide 
carbon binds to another atom first, e.g. SCN- or a transition metal. 
Trimethylsilylcyanide reacts to form the carbon bound boronitrile, [(TMS)-NC-
BPhF3], which is consistent with the carbon atom tendency to bind the better 
electrophile. The 11B-NMR shift is used to determine the directionality of the 
cyanide in the LA-bound complex. N-bound cyanides have a distinct broad 
chemical shift at -12.4 ppm while the C-bound cyanides are sharp with a 
chemical shift of -22 ppm (Table 1.2).  
Table 1.2.   The IR and 11B-NMR Shifts for Cyanide-BPhF3 Complexes 
 
Compound IR (cm-1) 11B (ppm vs BF3) 
B(C6F5)3  58 
[K(18-crown-6)][SCN-BPhF3] 2146 -12.4 
[K(18-crown-6)][PhF3B(µ-
CN)BPhF3] 
2295 -12.1 and -21.9 
[K(18-crown-6)][NC-BPhF3] 2212 -22.5 
Ir(µ-NC-BPhF3)(PPh3)2CO 2232, 2021 ($CO) -22.8 
CpFe(µ-CN-BPhF3)(CO)2 2252, 2076 & 2032 ($CO) -12.4 
  
 
 
 16 
1.11.   References 
 
1. Seebach, D., Methods of Reactivity Umpolung. Angew. Chem. Int. Ed. 1979, 18, 239-
258. 
2. Jørgensen, K., Differences between the four halide ligands, and discussion remarks on 
trigonal-bipyramidal complexes, on oxidation states, and on diagonal elements of one-
electron energy. Coord. Chem. Rev. 1966, 1, 164-178. 
3. Allgeier, A. M.; Mirkin, C. A., Ligand design for electrochemically controlling 
stoichiometric and catalytic reactivity of transition metals. Angew. Chem. Int. Ed. 1998, 
37, 895-908. 
4. Butin, K. P.; Beloglazkina, E. K.; Zyk, N. V., Metal complexes with non-innocent ligands. 
Russ. Chem. Rev. 2005, 74, 531-553. 
5. De Bruin, B.; Hetterscheid, D. G. H.; Koekkoek, A. J. J.; Gruetzmacher, H., The 
organometallic chemistry of Rh-, Ir-, Pd-, and Pt-based radicals: higher valent species. 
Prog. Inorg. Chem. 2007, 55, 247-354. 
6. Kaim, W.; Schwederski, B., Cooperation of metals with electroactive ligands of 
biochemical relevance: beyond metalloporphyrins. Pure Appl. Chem. 2004, 76, 351-364. 
7. Chakraborty, S.; Laye, R. H.; Paul, R. L.; Gonnade, R. G.; Puranik, V. G.; Ward, M. D.; 
Lahiri, G. K., A dinuclear bis(bipyridine)ruthenium(II) complex, [(bpy)2Ru
II{L2-}RuII(bpy)2]
2+, 
incorporating an unusual non-innocent bridging ligand containing a p-
benzoquinonediimine fragment: synthesis, structure, redox, and UV/VIS/NIR and EPR 
spectroelectrochemical properties. J. Chem. Soc. Dalton Trans. 2002, 1172-1179. 
8. Ryan, O. B.; Tilset, M.; Parker, V. D., Chemical and electrochemical oxidation of group 6 
cyclopentadienylmetal hydrides. First estimates of 17-electron metal-hydride cation-
radical thermodynamic acidities and their decomposition of 17-electron neutral radicals. 
J. Am. Chem. Soc. 1990, 112, 2618-26. 
9. Heyduk, A. F., Activation of Small Molecules: Organometallic and Bioinorganic 
Perspectives. J. Am. Chem. Soc. 2007, 129, 10043-10044. 
10. Klein, R. A.; Elsevier, C.; Hartl, F., Redox Properties of Zerovalent Palladium Complexes 
Containing β-Diimine and p-Quinone Ligands. Organometallics 1997, 16, 1284-1291. 
 
 
 
 
 
 
 
 17 
11. Hartl, F.; Stufkens, D. J.; Vlcek, A., Nature of the manganese(I)-dioxolene bonding as a 
function of the ligand oxidation state: UV-visible, IR, and resonance Raman 
spectroelectrochemical study of [Mn(CO)3Ln(Diox)]
z (n = 0, 1; z = -2, -1, 0, +1) and 
[Mn(CO)2{P(OEt)3}m(Diox)]
z (m = 1, 2; z = -1, 0, +1) complexes. Inorg. Chem. 1992, 31, 
1687-1695. 
12. Lorkovic, I. M.; Wrighton, M. S.; Davis, W. M., Use of a Redox-Active Ligand to 
Reversibly Alter Metal Carbonyl Electrophilicity. J. Am. Chem. Soc. 1994, 116, 6220-
6228. 
13. Espinet, P.; Bailey, P. M.; Maitlis, P. M., Pentamethylcyclopentadienylrhodium and -
iridium complexes. Part 22. Blue five-coordinate rhodium(III) complexes derived from 
catechol and related compounds. J. Chem. Soc. Dalton Trans. Inorg. Chem. 1979, 1542-
7. 
14. Spikes, G. H.; Eckhard, B.; Weyhermueller, T.; Wieghardt, K., Transition-Metal 
Complexes with Singly Reduced 1,2-Diketone Radical Ligands. Angew. Chem. Int. Ed. 
2008, 47, 2973-2977. 
15. Bensmann, W.; Fenske, D., Radikalische Komplexe von Palladium und Platin mit 
Bisphosphan-Derivaten des Maleinsaureanhydrids. Angewandte Chemie 1979, 91, 754-
755. 
16. Fenske, D., Synthese, Eigenschaften und Kristallstrukturen paramagnetischer 
Carbonylderivate des Cobalts und Mangans mit 2,3-Bis(diphenylphosphino)maleinsäure-
anhydrid und verwandten Phosphinen als Liganden. Ber. 1979, 112, 363-375. 
17. Stubbe, J.; van der Donk, W. A., Protein Radicals in Enzyme Catalysis. Chem. Rev. 
1998, 98, 705-762. 
18. Jazdzewski, B. A.; Tolman, W. B., Understanding the copper-phenoxyl radical array in 
galactose oxidase: contributions from synthetic modeling studies. Coord. Chem. Rev. 
2000, 200-202, 633-685. 
19. Knijnenburg, Q.; Gambarotta, S.; Budzelaar, P. H. M., Ligand-centred reactivity in 
diiminepyridine complexes. Dalton Trans. 2006, 5442-5448. 
20. Ben-Ari, E.; Leitus, G.; Shimon, L. J. W.; Milstein, D., Metal-Ligand Cooperation in C-H 
and H2 Activation by an Electron-Rich PNP Ir(I) System: Facile Ligand Dearomatization-
Aromatization as Key Steps. J. Am. Chem. Soc. 2006, 128, 15390-15391. 
21. Frech, C. M.; Ben-David, Y.; Weiner, L.; Milstein, D., Metal-Controlled Reactivity of a 
Pincer-type, α-Coordinated Naphthyl Radical Anion. J. Am. Chem. Soc. 2006, 128, 
7128-7129. 
 
 
 18 
22. Bouwkamp, M. W.; Bowman, A. C.; Lobkovsky, E.; Chirik, P. J., Iron-Catalyzed [2! + 2!] 
Cycloaddition of α,ω-Dienes: The Importance of Redox-Active Supporting Ligands. J. 
Am. Chem. Soc. 2006, 128, 13340-13341. 
23. Fourmigué, M., Mixed cyclopentadienyl/dithiolene complexes. Coord. Chem. Rev. 1998, 
178-180, 823-864. 
24. Stiefel, E. I., Dithiolene Chemistry; Synthesis, Properties, and Applications Prog. Inorg. 
Chem. 2004, 52, 9874-9874. 
25. Hendrickson, D. N.; Pierpont, C. G., Valence Tautomeric Transition Metal Complexes. In 
Spin Crossover in Transition Metal Compounds II, 2004; pp 786-786. 
26. Evangelio, E.; Ruiz-Molina, D., Valence Tautomerism: New Challenges for Electroactive 
Ligands. Eur. J. Inorg. Chem. 2005, 2005, 2957-2971. 
27. Poddel'sky, A. I.; Cherkasov, V. K.; Abakumov, G. A., Transition metal complexes with 
bulky 4,6-di-tert-butyl-N-aryl(alkyl)-o-iminobenzoquinonato ligands: Structure, EPR and 
magnetism. Coord. Chem. Rev. 2009, 253, 291-324. 
28. Pierpont, C. G.; Lange, C., The Chemistry of Transition Metal Complexes Containing 
Catechol and Semiquinone Ligands. Prog. Inorg. Chem. 1993, 41. 
29. Moussa, J.; Amouri, H., Supramolecular Assemblies Based on Organometallic 
Quinonoid Linkers: A New Class of Coordination Networks. Angew. Chem. Int. Ed. 2008, 
47, 1372–1380. 
30. Guyon, F.; Lucas, D.; Jourdain, I. V.; Fourmigue, M.; Mugnier, Y.; Cattey, H., 
Investigation of the Redox Properties of a Cp*Co(dithiolene) Complex. Evidence of the 
Formation of a Dimeric Dicationic Species: [Cp*Co(dddt)]2
2+. Organometallics 2001, 20, 
2421-2424. 
31. Pierpont, C. G.; Buchanan, R. M., Transition metal complexes of o-benzoquinone, o-
semiquinone, and catecholate ligands. Coord. Chem. Rev. 1981, 38, 45-87. 
32. Murata, K.; Ikariya, T.; Noyori, R., New Chiral Rhodium and Iridium Complexes with 
Chiral Diamine Ligands for Asymmetric Transfer Hydrogenation of Aromatic Ketones. J. 
Org. Chem. 1999, 64, 2186-2187. 
33. Heiden, Z. M.; Gorecki, B. J.; Rauchfuss, T. B., Lewis Base Adducts Derived from 
Transfer Hydrogenation Catalysts: Scope and Selectivity. Organometallics 2008, 27, 
1542-1549. 
34. Heiden, Z. M.; Rauchfuss, T. B., Proton-Assisted Activation of Dihydrogen: Mechanistic 
Aspects of Proton-Catalyzed Addition of H2 to Ru and Ir Amido Complexes. J. Am. 
Chem. Soc. 2009, 131, 3593–3600. 
 
 
 
 19 
35. Quarmby, I. C.; Hemond, R. C.; Feher, F. J.; Green, M.; Geiger, W. E., Redox properties 
of the 17-electron sandwich (η5-C5H5)Mo(η6-C6Ph6): electrochemical characterization of 
the 16 e- Lewis acid monocation and its PF6
– adduct. J. Organomet. Chem. 1999, 577, 
189-196. 
36. Argouarch, G.; Hamon, P.; Toupet, L.; Hamon, J.-R.; Lapinte, C., [(η5-
C5Me5)Fe(Ph2PCH2CH2CH2PPh2)][SO3CF3], a Stable 16-Electron Complex with a 
Coordinating Counter anion and without Agostic Interaction: The Dramatic Role of a 
Trivial Methylene Group. Organometallics 2002, 21, 1341-1348. 
37. Hartl, F.; Rosa, P.; Ricard, L.; Le Floch, P.; Zális, S., Electronic transitions and bonding 
properties in a series of five-coordinate "16-electron" complexes [Mn(CO)3(L2)]
– (L2 = 
chelating redox-active !-donor ligand). Coord. Chem. Rev. 2007, 251, 557-576. 
38. Kokatam, S.-L.; Chaudhuri, P.; Weyhermueller, T.; Wieghardt, K., Molecular and 
electronic structure of square planar complexes [PdII(tbpy)(LIPN,O)]0, 
[PdII(tbpy)(LISQN,O)](PF6), and [Pd
II(tbpy)(LIBQN,O)](PF6)(BF4)-2(CH2Cl2): an o-
iminophenolato based ligand centered, three-membered redox series. Dalton Trans. 
2007, 373-378. 
39. Ray, K.; Petrenko, T.; Wieghardt, K.; Neese, F., Joint spectroscopic and theoretical 
investigations of transition metal complexes involving non-innocent ligands. Dalton 
Trans. 2007, 1552-1566. 
40. Bill, E.; Bothe, E.; Chaudhuri, P.; Chlopek, K.; Herebian, D.; Kokatam, S.; Ray, K.; 
Weyhermueller, T.; Neese, F.; Wieghardt, K., Molecular and electronic structure of four- 
and five-coordinate cobalt complexes containing two o-phenylenediamine- or two o-
aminophenol-type ligands at various oxidation levels: An experimental, density 
functional, and correlated ab initio study. Chem. Eur. J. 2005, 11, 204-224. 
41. Kokatam, S.; Weyhermueller, T.; Bothe, E.; Chaudhuri, P.; Wieghardt, K., Structural 
Characterization of Four Members of the Electron-Transfer Series [PdII(L)2]
n (L = o-
Iminophenolate Derivative; n = 2-, 1-, 0, 1+, 2+). Ligand Mixed Valency in the 
Monocation and Monoanion with S = 1/2 Ground States. Inorg. Chem. 2005, 44, 3709-
3717. 
42. Pap, J. S.; Benedito, F. L.; Bothe, E.; Bill, E.; DeBeer George, S.; Weyhermuller, T.; 
Wieghardt, K., Dimerization Processes of Square Planar [PtII(tbpy)(dithiolato)]+ Radicals. 
Inorg. Chem. 2007, 46, 4187-4196. 
43. Boyer, J. L.; Cundari, T. R.; DeYonker, N. J.; Rauchfuss, T. B.; Wilson, S. R., Redox 
Activation of Alkene Ligands in Platinum Complexes with Non-innocent Ligands. Inorg. 
Chem. 2009, 48, 638-645. 
 
 
 
 20 
 
44. Khomenko, T.; Salomatina, O.; Kurbakova, S.; Il’ina, I.; Volcho, K.; Komarova, N.; 
Korchagina, D.; Salakhutdinov, N.; Tolstikov, A., New chiral ligands from myrtenal and 
caryophyllene for asymmetric oxydation of sulfides catalyzed by metal complexes. Russ. 
J. Org. Chem. 2006, 42, 1653-1661. 
45. Blackmore, K. J.; Ziller, J. W.; Heyduk, A. F., "Oxidative Addition" to a Zirconium(IV) 
Redox-Active Ligand Complex. Inorg. Chem. 2005, 44, 5559-5561. 
46. Haneline, M. R.; Heyduk, A. F., C-C Bond-Forming Reductive Elimination from a 
Zirconium(IV) Redox-Active Ligand Complex. J. Am. Chem. Soc. 2006, 128, 8410-8411. 
47. Smith, A. L.; Hardcastle, K. I.; Soper, J. D., Redox-Active Ligand-Mediated Oxidative 
Addition and Reductive Elimination at Square Planar Cobalt(III): Multielectron Reactions 
for Cross-Coupling. J. Am. Chem. Soc. 2010, 132, 14358-14360. 
48. Komon, Z. J. A.; Bu, X.; Bazan, G. C., Synthesis of Butene –Ethylene and Hexene‚ –
Butene‚ –Ethylene Copolymers from Ethylene via Tandem Action of Well-Defined 
Homogeneous Catalysts. J. Am. Chem. Soc. 2000, 122, 1830-1831. 
49. Chiu, K. W.; Howard, C. G.; Wilkinson, G.; Galas, A. M. R.; Hursthouse, M. B., t-Butyl 
isocyanide complexes of rhenium(I), chromium(O), tungsten(O,I) and platinum(II); X-ray 
crystal structures of bis(t-butylisocyanide)- tris(trimethylphosphine)chlororhenium(I) and 
tris(t-butylisocyanide)bis(trimethyl- phosphine)chlororhenium(I). Polyhedron 1982, 1, 
803-808. 
50. Henderson, R. A.; Pombeiro, A. J. L.; Richards, R. L.; da Silva, J. J. R. F.; Wang, Y., 
Aminocarbyne coupling reactions at M(Ph2PCH2CH2PPh2)2 (M = Mo or W) sites. Detailed 
mechanistic studies on the protonation of co-ordinated isocyanides and coupling of 
ligands in trans-[M(CNR)2(Ph2PCH2CH2PPh2)2] (R = t-Bu or Me). J. Chem. Soc. Dalton 
Trans. 1995, 1193-1199. 
51. Carnahan, E. M.; Protasiewicz, J. D.; Lippard, S. J., The 15 years of reductive coupling: 
what have we learned? Acc. Chem. Res. 1993, 26, 90-97. 
52. Fukumoto, K.; Nakazawa, H., Geometrical isomerization of fac/mer-Mo(CO)3(phosphite)3 
and cis/trans-Mo(CO)4(phosphite)2 catalyzed by Me3SiOSO2CF3. J. Organomet. Chem. 
2008, 693, 1968-1974. 
53. Nakazawa, H.; Miyoshi, Y.; Katayama, T.; Mizuta, T.; Miyoshi, K.; Tsuchida, N.; Ono, A.; 
Takano, K., Syntheses, Structures, and DFT Calculations of Phosphenium Phosphite 
Complexes of Molybdenum:‚Äâ Preference of Nonbridging Form to Bridging Form of a 
Donor Group. Organometallics 2006, 25, 5913-5921. 
 
 
 
 21 
54. Yamaguchi, Y.; Nakazawa, H.; Itoh, T.; Miyoshi, K., Cationic Phosphenium Complexes of 
Group 6 Transition Metals. Systematic Approach to Elucidation of Influence of 
Substituents of the Phosphenium Phosphorus on the Stability of the Complexes. 
Bull. Chem. Soc. Jpn. 1996, 69, 983-995. 
55. Nakazawa, H.; Ohta, M.; Miyoshi, K.; Yoneda, H., Reaction of molybdenum complexes 
containing phosphite with boron trihalides. Formation of cationic molybdenum 
phosphenium complexes. Organometallics 1989, 8, 638-644. 
56. Kawai, K.; Kanesaka, I., Infrared spectra of addition compounds of hydrogen and 
deuterium cyanides with some inorganic chlorides. Spectrochimica Acta Part A: 
Molecular Spectroscopy 1969, 25, 1265-1273. 
57. Rigo, P.; Turco, A., Cyanide phosphine complexes of transition metals. 
Coord. Chem. Rev. 1974, 13, 133-172. 
58. Shriver, D. F.; Posner, J., Bridge Addition Compounds. III. The Influence of Boron-
Containing Lewis Acids on Electronic Spectra, Vibrational Spectra, and Oxidation 
Potentials of Some Iron-Cynanide Complexes. J. Am. Chem. Soc. 1966, 88, 1672-1677. 
59. Shriver, D. F., Preparation and Structures of Metal Cyanide-Lewis Acid Bridge 
Compounds. J. Am. Chem. Soc. 1963, 85, 1405-1408. 
60. Schilt, A. A., Unusual Proton Affinities of Some Mixed Ligand Iron(II) Complexes. 
J. Am. Chem. Soc. 1960, 82, 5779-5783. 
61. Schilt, A. A., Mixed Ligand Complexes of Iron(II) and (III) with Cyanide and Aromatic Di-
imines. J. Am. Chem. Soc. 1960, 82, 3000-3005. 
62. Childs, R. F.; Mulholland, D. L.; Nixon, A., The Lewis acid complexes of α,β-unsaturated 
carbonyl and nitrile compounds. A nuclear magnetic resonance study. Can. J. Chem. 
1982, 60, 801–808. 
63. Laszlo, P.; Teston, M., Determination of the acidity of Lewis acids. J. Am. Chem. Soc. 
1990, 112, 8750-8754. 
64. Piers, W. E., The Chemistry of Perfluoroaryl Boranes. Adv. Organomet. Chem. 2004, 52, 
1-76. 
65. Fehlhammer, W. P.; Fritz, M., Emergence of a CNH and cyano complex based 
organometallic chemistry. Chem. Rev. 1993, 93, 1243-1280. 
66. Kristoff, J. S.; Shriver, D. F., Metal complexes as probes of donor-acceptor interaction. 
Vibrational spectra of (C5H5)Fe(CO)2(CNMX3) (M = Boron, X = Hydrogen, fluorine, 
chlorine, bromine, or methyl; M = aluminum or gallium, X = chlorine or methyl). Inorg. 
Chem. 1973, 12, 1788-1793. 
 
 
 22 
67. Vei, I. C.; Pascu, S. I.; Green, M. L. H.; Green, J. C.; Schilling, R. E.; Anderson, G. D. W.; 
Rees, L. H., Synthesis and study of new binuclear compounds containing bridging 
(μ-CN)B(C6F5)3 and (μ-NC)B(C6F5)3 systems. Dalton Trans. 2003, 2550-2557. 
68. Doring, S.; Erker, G.; Frohlich, R.; Meyer, O.; Bergander, K., Reaction of the Lewis Acid 
Tris(pentafluorophenyl)borane with a Phosphorus Ylide: Competition between Adduct 
Formation and Electrophilic and Nucleophilic Aromatic Substitution Pathways. 
Organometallics 1998, 17, 2183-2187. 
69. Erker, G., Tris(pentafluorophenyl)borane: a special boron Lewis acid for special 
reactions. Dalton Trans. 2005, 1883-1890. 
 
 
  
 
 
23 
Chapter 2.   Amidophenolate Redox-Active Ligands: 
Synthesis and Characterization 
2.1.   Introduction 
Redox-active ligands are a curiosity in organometallic chemistry due to 
their unusual redox properties and the interplay with unusual formal metal 
“oxidation states." Redox-active ligands can "tame" metal radicals by 
delocalizing the radical through the ligand (Scheme 2.1).  
The synthesis and reactivity of metal complexes Cp*IrL, Cp*RhL, and 
CyRuL, where [Cp*]– = pentamethylcyclopentadienyl and Cy = p-cymene, 
containing the redox-active amidophenolate ligands 2-(2-trifluoromethyl)amino-
4,6-di-tert-butylphenol (H2
tBAF) and 2-tert-butylamino-4,6-di-tert-butylphenol 
(H2
tBAtBu), are discussed within this chapter. Complexes containing [Cp*]– and 
group 9 transition metals has been used by other groups interested in studying 
redox-active catecholate ligands.1,2 The benefit to the Cp*IrL are: the [Cp*]– 
blocks three coordination sites, the redox potential for the IrIII/VI is sufficiently 
high as to allow for purely ligand-centered redox, and some 16e– Ir complexes 
are highly reactive.3, 4 
The amidophenolate ligand can exist in multiple redox states (Scheme 
2.1). The amidophenolate ligand has the same redox behavior as catecholates, 
which are diolate (fully reduced), semi-quinone (1e- oxidation) and quinone (2e- 
oxidation). The focus of this chapter will be towards the synthesis and 
characterization of complexes containing the amidophenolate, semi-quinone, 
and quinone structures and the assignment of electronic structure with an 
interest in converting the M-NIL ensembles into stable cationic Lewis acids. 
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Scheme 2.1.   Three different redox states of the complexes Cp*Ir(tBAFPh), left 
“diolate”, middle “semi-quinone”, right “iminoquinone” 
2.2.   Preparation of Ir(III), Rh(III), and Ru(III) Amidophenolates  
The amidophenolate ligand is an intriguing ligand owing to the catechol-
like redox behavior and the ability to easily change the amino R-group. The 
aminephenol ligands were easily synthesized from 3,5-di-(tert-butyl)catechol 
and any primary amine in the presence of molecular sieves (Eq 2.1). The tert-
butyl groups on the phenylene backbone were installed according to Khomenko 
et al.5. The tert-butyl groups on the backbone serve to increase electron 
richness of the phenyl ring as well as preventing dimerization, a common 
problem with redox-active ligands, especially those based on catechols. The 
amidophenolate ligand offers benefits over catechols because the amido group 
is more basic then phenolates which prevented the ligand from easily 
dissociating from the metal.  
 
The complexes Cp*Ir(tBAt-Bu) (2.1t-Bu), Cp*Ir(tBAFPh) (2.1F), Cp*Rh(tBAFPh) 
(2.2F), Cp#Ir(tBAFPh) (Cp# = tetramethylcyclopentadienyl), and CyRu(tBAFPh) (2.3F) 
(Scheme 2.2) were prepared from the corresponding dichloride dimers, i.e. 
[Cp*IrCl2]2, [Cp*RhCl2]2, and  [CyRuCl2]2 and aminophenols, in the presence of 
excess K2CO3 (Eq 2.2) These complexes were obtained as deeply colored, air-
stable solids that were soluble in a range of organic solvents.  
N
O
Ir
PhF
-e–
+e–
N
O
Ir
PhF +
-e–
+e–
N
O
Ir
PhF 2+
HO HN R
HO OH
+
HO
2
neat
H2SO4
HO OH
+ H2NR
MeCN
1) molec. sieves
2) NaS2O4 (aq)
R = -C6H4-2-CF3 (H2tBAFPh)
R = -t-Bu (H2tBAt-Bu)
Eq 2.1
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Scheme 2.2.   Half-sandwich complexes containing amidophenolates 
1H-NMR spectra of 2.1t-Bu, 2.1F, and 2.2F were unambiguous, however, 
spectra for the corresponding Ru(II) compounds were more complex. The 
1H-NMR of 2.3F contains two methyl doublets for the cymene ligand, which 
indicated that the isopropyl methyl groups were diastereotopic (Figure 2.1). 
Upon warming the sample, the peaks broaden, but complete coalescence was 
not observed even at 50 ºC (Figure 2.2). This pattern indicated that rotation of 
the cymene ligand was hindered by the bulky 2-(trifluoromethyl)phenyl 
substitutent on the amine. (Scheme 2.3) 
 
Scheme 2.3.    Rotational restriction of cymene ligand.  
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O
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R
M
Cl
Cl
M
Cl
Cl
+ 2
HO HN R
K2CO3
CH2Cl2
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Figure 2.1    1H-NMR spectrum of 2.3F in CD2Cl2.  
 
Figure 2.2   Partial 1H-NMR spectra of 2.3F in CD3CN at various temeratures 
  27 
 
 
 
Figure 2.3   Molecular structures of 2.1F (top-left) 2.2F (top-right) and 2.3F 
(bottom). Thermal ellipsoids shown at 50% probability level. 
Hydrogen atoms and any residual solvent molecules have been 
omitted for clarity. Selected bond lengths shown in Table 2.1. 
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Table 2.1.   Selected Bond Lengths (Å) of Amidophenolato Complexes.  
 
2.3.    Cyclic Voltammetry Studies 
The Rh and Ir amidophenolato complexes underwent two reversible one 
electron oxidations in noncoordinating solvents, as shown in the cyclic 
voltammogram (Figure 2.4). The first oxidation of the Ir complexes occurred 
about 0.090 V more cathodic than for the Rh analog, which indicated that the 
identity of the metal had only a mild affect on the redox behavior of the ligand. 
The substituents on the nitrogen affected the redox potentials more 
dramatically, where complexes 2.1t-Bu first oxidation occurred at E1/2(0/I) = -0.015 
V and 2.1F E1/2(0/I) = 0.05 V while the second oxidation of 2.1
t-Bu E1/2(I/II) = 0.160 
and 2.1F E1/2(I/II) = 0.355 V vs Cp2Fe
0/+ in CH2Cl2 with Bu4NPF6 supporting 
C14
C13
C12
C11
C16
C15
tBu
tBuN1
O1
M
R
*Cp
 2.1F (M = Ir) 2.2F (M = Rh) 2.3F (M = Ru) [2.1F]BArF4 [2.1
F(MeCN)](OTf)2 
M1 – O1 1.963(4) 1.958(2) 1.9600(18) 2.010(3) 2.103(5) 
M1 – N1 1.996(3) 2.0032(18) 2.0032(15) 2.044(7) 2.095(6) 
      
O1 – C11 1.342(4) 1.332(3) 1.338(3) 1.287(5) 1.250(8) 
N1 – C16 1.393(5) 1.390(3) 1.396(3) 1.342(7) 1.314(9) 
      
C11 – C12 1.416(5) 1.419(4) 1.415(3) 1.451(9) 1.445(10) 
C12 – C13 1.396(6) 1.390(4) 1.391(3) 1.398(1) 1.344(10) 
C13 – C14 1.396(6) 1.403(4) 1.414(3) 1.363(5) 1.457(10) 
C14 – C15 1.388(5) 1.378(4) 1.379(3) 1.453(6) 1.356(10) 
C15 – C16 1.395(6) 1.398(4) 1.399(3) 1.370(8) 1.434(10) 
C16 – C11 1.407(5) 1.405(4) 1.403(3) 1.427(8) 1.480(10) 
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electrolyte. The electrochemical behavior will be further expanded upon in 
Chapter 4.  
 
Figure 2.4    Cyclic voltammogram of 2.1t-Bu (bold line) vs Cp2Fe0/+ and 
differential pulse voltammogram (DPV) (dashed line). Conditions; 
CH2Cl2, 10
-3 M 2.1t-Bu, 0.1 M Bu4NPF6, and scan rate = 0.100 V/s. 
E1/2 = -0.015, 0.160 V vs Fc/Fc 
2.4.   Radical Semi-quinone and Adducts 
The oxidation of 2.1F and 2.1t-Bu was conducted on a preparative scale 
with the oxidants AgPF6 and FcPF6, respectively. The salts [2.1
F]PF6
 and 
[2.1t-Bu]PF6 were obtained as analytically pure brown solids. The salts [2.1
F]BArF4, 
[2.2F(MeCN)]BArF4, were prepared by extracting the cations into an ether solution 
via salt exchange with KBArF4 and the BAr
F
4
– salts were characterized 
crystallographically. The molecular structure of [2.1F]BArF4 features d(Ir-N) = 
2.010(3) and d(Ir-O) = 2.044(7) Å, which are elongated relative to 2.1F d(Ir-N) = 
1.963(4) and d(Ir-O) = 1.996(3).  The d(C-C) in the phenylene backbone of the 
amidophenolate differed from those in the neutral 2.1F, which average 1.40 Å 
(Table 2.1.  . Thus, the C11–C12 and C14–C15 bonds were elongated by 0.05 Å, 
and the C13–C14 and C15–C16 bonds were shortened by 0.04 Å. The pattern of 
bond length alternation in the phenylene backbone was similar to other semi-
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quinone complexes.1 Although the neutral amidophenolate complexes showed 
no tendency to bind ligands, the cations were Lewis acids, i.e. oxidation of 2.1F 
in MeCN solution gave the adduct [2.1F(NCMe)]PF6. Solid samples of the adduct 
[2.1F(NCMe)]PF6 were found to liberate MeCN, reverting to the naked salt 
[2.1F]PF6 when washed with ether or heated under vacuum (40 ºC at 0.01 
mmHg). 
 
Figure 2.5   Molecular structure of [2.1F]BArF4, ellipsoids are shown at 50% 
probability, hydrogen atoms and BArF4
- anion was omitted for 
clarity 
 
Figure 2.6   Molecular structure of [2.2F(MeCN)]BArF4, ellipsoids are shown at 
50% probability, hydrogen atoms and BArF4
- anion was omitted for 
clarity. 
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The cations [2.1t-Bu]+ and [2.1F]+ formed stable adducts with CO, 
phosphines, and CN–. A deep brown solution of [2.1t-Bu]PF6 in CH2Cl2 rapidly 
formed a pale orange adduct with CO, [2.1t-Bu(CO)]PF6 (!CO = 2049 cm
-1). In 
contrast to the MeCN adduct, the CO complex showed no tendency to 
dissociate under vacuum. The salts [2.1t-Bu]+ and [2.1F]+ were found to react with 
the phosphines PMe3 and PPh3 which gave the adducts [2.1
x(PR3)]PF6.  The 
phosphine adducts [2.1xPR3]PF6 were characterized by EPR spectroscopy and 
electrochemically. The cherry red charge-neutral cyanide 2.1t-BuCN (!CN (KBr) = 
2119 cm-1) was obtained by treatment of [2.1t-Bu]PF6 with NaCN. The complex 
was also prepared by the addition of AgCN to 2.1t-Bu.  
2.5.   EPR and Magnetic Moment 
Isotropic EPR spectra for the naked complexes [2.1F]PF6 and [2.1
t-Bu]PF6 
were characterized by the signal at giso = 2.0034 and 2.0021, respectively.  
These g values were close to the g value for an organic radical (2.0023). As a 
frozen glass in 1:3 CH2Cl2:toluene, [2.1
t-Bu]PF6 exhibited an axial spectrum 
gxy = 2.001 and gz = 1.948 with 
14N coupling Axy = 23.5 and Az = 63.6 MHz. 
Spectra of radical cation adducts suggested greater delocalization of the 
electron onto the metal: 2.1t-BuCN giso = 1.9741 and A(
14N) = 31.6, 30.3 and 
A(1H) = 19.1 MHz. The isotropic spectrum of [2.1t-BuPMe3]PF6 had a signal at 
giso = 1.972 and A(
14N) = 53.9, A(1H) = 24.0, and A(31P) = 52.8 MHz. Examples of 
Ir(IV) phosphine complexes have been characterized previously including 
[Cp*IrMe2(PMe3)]
+, which exhibited a rhombic spectrum with a signal at 
g = 2.183 (A(31P) which was not resolved at –100 ºC in frozen solution.6 
2.6.   Calculation of Magnetic Moment Using Evan’s Method  
The magnetic moments of [2.1FNCMe]PF6, 2.1
t-BuCN, and [2.1t-Bu]PF6, 
[2.1F]PF6 and [2.1
t-BuPPh3]PF6 were found to be 2.31, 2.58, 2.58, 1.75 and 
2.25 BM, respectively. The magnetic moments, which were measure in solution 
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via Evan’s Method, were high for typical Ir(IV) complexes7 or organic radicals. 
The reasons for the discrepancy remained unclear, but the magnetic 
susceptibility of [2.1FNCMe]PF6 obeys the Curie-Weiss dependence over the 
temperature range of –15 to 40 ºC (Figure 2.7  ).  
The magnetic moment was found by obtaining a solution of [2.1]PF6 in 
CD2Cl2 (c = 0.0039 M) in a J-young tube containing a sealed capillary containing 
CD2Cl2. The 
1H-NMR spectrum was recorded on a spectrometer containing an 
electromagnet (Q = 1). 1H-NMR spectrum of the complex had a shift in the 
solvent resonance with a frequency difference of 5.3 Hz (!"). The shift in the 
resonance was a result of the magnetic susceptibility of the solute (in units of 
cm3 mol-1) by the following formula.  
( )
cQ I
M !
!
"
#
=
477  
 !" = 5.3 Hz for [1]PF6  
"I = 500,000,000 Hz (Radio frequency of the instrument)  
c = 0.0039 M 
 ( ) TMeff !µ 8=   
  µeff = 1.75 BM   
 
Table 2.2.   Temperature Dependence on Magnetic Moment of [2.1F(MeCN)]PF6 
T (K) !v (Hz) #m µeff (BM) 1/#m 
258 24.7 2.75 x 10-3 2.38 363 
273 22 2.45 x 10-3 2.31 408 
292.5 20.2 2.25 x 10-3 2.30 444 
313 17.7 1.97 x 10-3 2.22 507 
     
   conc (M) 0.00535 
   vinstrument (MHz) 399.748 
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Figure 2.7   Curie-Weiss plot of [2.1F(MeCN)]PF6 
y = 2.5352x - 289.83!
R" = 0.99056!
300!
350!
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450!
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240! 260! 280! 300! 320!
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# $
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2.7.   Doubly Oxidized Species [Cp*Ir(tBAR)L]2+ 
Oxidation of 2.1F with of AgOTf (2 equiv.) in MeCN solution gave the deep 
purple diamagnetic salt [2.1F(MeCN)](OTf)2, which was characterized by 
1H and 19F-NMR. Crystallographic analysis of [2.1F(MeCN)](OTf)2 supported the 
assigned structure of the ligand as the iminoquinone.8 The d(Ir-N) = 2.095(6) and 
d(Ir-O) = 2.103(5) Å was nearly 0.11 Å longer than in 2.1F, d(Ir-N) = 1.996(3) and 
d(Ir-O) = 1.963(4). The bond distances within the ligand were significantly 
altered, where the d(C11-O) = 1.250(8) Å and the d(C16-N) = 1.314(9) Å, 
consistent with a C-O and C-N double bonds.  
 
Figure 2.12   Structure of [2.1F(MeCN)](OTf)2 with thermal ellipsoids at 50% 
probability, hydrogen atoms and anions omitted for clearity (Table 
2.1 list of bond lengths). 
Recrystallization of [2.1F(MeCN)](OTf)2 from CH2Cl2-ether as well as gentle 
heating under vacuum did not liberate the MeCN. A solution of 
[2.1F(MeCN)](OTf)2 in MeCN converted to [Cp*Ir(MeCN)3]
2+ over the course of 
hours at room temperature. This lability was in contrast to the stability of the 
monocationic derivative, [2.1F(MeCN)]+, which was found to be stable in MeCN 
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solution. The displacement of the iminoquinone by MeCN indicated that it was 
poorly bound to the metal center. 
In CH2Cl2
 solution, 2.1t-BuCN was found to reversibly oxidize at –0.28 V, 
which was 0.42 V milder than the [2.1t-Bu]+/2+ couple. Oxidation of 2.1t-BuCN with 
[Cp2Fe]PF6 gave diamagnetic [2.1
t-BuCN]PF6. 
2.8.   Experimental 
Unless otherwise indicated, reactions were conducted using Schlenk 
techniques and all reagents were purchased from Sigma-Aldrich. Reagents and 
solvents were obtained commercially and were purified by standard methods.9 
Unless otherwise indicated, all solvents were HPLC-grade and purified using an 
alumina filtration system (Glass Contour, Irvine, CA).  
Reagents. [Cp2Fe]PF6 (Aldrich) was crystallized by extraction into 
acetone followed by precipitation by ethanol.10 Electrolyte, Bu4NPF6, was 
crystallized prior to use by extracting into minimal amount of acetone followed 
by addition of an equal part ethanol and cooling to –30 ºC. CD2Cl2 and CD3CN 
(Cambridge Isotope Labs) were dried over CaH2 and distilled under vacuum 
onto NMR samples. Celite545 was dried at 120 ºC prior to use. 
Instrumentation. NMR Spectra were measured on Varian UNITY INOVA 
500NB or UNITY 500 spectrometer. FT-IR spectra were recorded on a Mattson 
Infinity Gold FTIR spectrometer. UV-Vis spectra were recorded on a Cary 50 
UV/Vis spectrometer.  
Magnetic moments were recorded by the Evans method by comparing 
the shifts of the residual 1H benzene signals (d 7.37) for solutions of C6D6 (10 
volume% in MeCN) with and without the paramagnetic sample.11 Using the 
same Evans method, we found that the moment for [Cp2Fe]PF6 was 2.49 BM, vs 
the literature value of 2.62 BM.12  
EPR Spectroscopy. X-band EPR spectra were collected on a 
Varian E-122 spectrometer. Variable-temperature spectra were recorded using a 
variable-temperature accessory using liquid nitrogen as a coolant. The magnetic 
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fields were calibrated with a Varian NMR Gauss meter and the microwave 
frequency was measured with an EIP frequency meter. EPR spectra were 
simulated with the program SIMPOW6.13 The sample was flame-sealed under 
vacuum in a 3 x 4 mm quartz tube at liquid nitrogen temperatures. 
Preparation of 3,5-di-tert-butyl-2-hydroxy-1-(2-tert-
butlylamine)benzene (H2
tBAt-Bu). The procedure was modified from 
Blackmore et al.14 A solution of 3,6-di-tert-butylcatechol (5 g, 22.5 mmol) in 
anhydrous CH3CN (150 mL) was added to a flask containing of 4 Å molecular 
sieves (10 g). Tert-butylamine (2.25 mL, 22.45 mmol) was added to the solution. 
The reaction flask was fitted with a reflux condenser fitted with a drying column 
packed with Detrite (CaCO3).  The reaction solution was heated to a reflux for 12 
h. The resulting dark green solution was allowed to cool, filtered to remove the 
molecular sieves, which were rinsed with diethyl-ether. The solvent was 
removed under reduced pressure. The resulting green solid was dissolved in 
Et2O (100 mL), and the extract was washed several times with a solution of 
Na2S2O4 (3 g) in water (200 mL) to remove the green color. The aqueous layer 
was removed and extracted twice with portions of Et2O (50 mL). The organic 
fractions were collected and dried over MgSO4 and the Et2O was removed under 
reduced pressure.  The resulting yellow solid was extracted into of hot (~50 ºC) 
MeCN (50 mL), and cooled at –30 ºC to give colorless crystals. The product was 
stored in a N2-filled glove box. Yield 3.38 g (54 %) 
1H-NMR (CDCl3, !): 1.15 (s, 9H), 1.27 (s, 9H), 1.38 (s, 9H), 1.59 (broad), 6.92 (d, 
1H), 7.10 (d, 1H), 7.84 (broad). 
Cp*Ir(tBAFPh). A solution of H2
tBAFPh (920 mg, 2.510 mmol) of in CH2Cl2 
(100 mL) was added to a solution of [Cp*IrCl2]2 (1.00 g, 1.255 mmol) in 
CH2Cl2 (150 mL). After 5 min of stirring an excess of K2CO3 (5 g) was added, and 
the reaction solution was stirred overnight at room temperature during which the 
solution color turned from yellow to orange. The orange solution was filtered 
through a coarse frit to remove the excess K2CO3, and the solvent was removed 
under reduced pressure resulting in an orange solid.  The resulting air stable 
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solid was triturated with of pentane (10 mL) and the solids were filtered through 
a medium porosity frit, and this process was repeated six times in order to 
ensure removal of any excess H2
tBAFPh. Residual solvent was removed by 
evacuating the solid at 0.01 mm Hg for 12 h at 80 °C.  
Yield: 1.17 g (67%).  
1H NMR (CD2Cl2): ! 1.12 (s, 9H), 1.52 (s, 9H), 1.67 (s, 15H), 6.21(d, 1H), 6.73 (d, 
1H), 7.22 (d, 1H), 7.37 (t, 1H), 7.65 (t, 1H), 7.78 (d, 1H). 
19F NMR (CD2Cl2): ! -60.2 (s).  
FD+: m/z = 691 (M+).  
UV-vis (CH2Cl2): 449 (" = 1.57 x 10
4 M-1 cm-1), and 273 nm (0.68 x 104 M-1 cm-1). 
Anal. Calcd. for C31H39NF3IrO (found): C, 53.96 (53.83); H, 5.69 (5.65); N, 2.03 
(2.34).  
[Cp*Ir(tBAFPh)]PF6 ([2.1
F]PF6). A solution of 2.1
F (0.25 g, 0.36 mmol) in 
CH2Cl2 (5 mL) was added to a suspension of AgPF6 (0.091 g, 0.35 mmol) in 
CH2Cl2 (15 mL). An immediate color change from orange to black was observed. 
After 3 h of stirring, the reaction mixture was filtered through Celite 500 to 
remove precipitated silver. The solvent was evaporated from the filtrate, and the 
resulting solid triturated with 20 mL hexane, and the hexanes was removed via 
filter cannula fitted with G6 glass fiber filter. This precipitation process was 
repeated until the oily residue converted to a brown powder. Residual solvent 
was removed by evacuating the solid at 0.01 mm Hg for 12 h. Yield: 0.250 g 
(85%). 
ESI-MS: m/z = 691 ([Cp*Ir(tBAFPh)]+).  
UV-vis (CH2Cl2): 770 (" = 0.01 x 10
4 M-1 cm-1), 431 (0.95 x 104), with shoulders 
497 (0.51 x 104), 295 nm (0.6 x 104).  
UV-vis (CH3CN): 809 (" = 0.01 x 10
4 M-1 cm-1), 466 (0.07 x 104), 351 nm (0.09 x 
104), with shoulders 567 (0.03 x 104), 298 nm (0.11 x 10).  
CHN: Calcd for C31H39NF9IrOP (found): C, 44.49 (44.6); H, 4.67 (5.04); N, 1.68 
(2.14).  
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[Cp*Ir(tBAFPh)]BArF4 ([2.1
F]BArF4). This salt was prepared from 2.1
F 
analogously using AgBArF4.  
CHN: Calcd for C63H52BF27IrNO (found): C, 48.13 (48.8); H, 3.40 (3.37); N, 0.90, 
(1.12).  
[Cp*Ir(tBAFPh)(MeCN)](OTf)2, [2.1
F(MeCN)](OTf)2. To a solution of 2.1
F 
(50 mg, 0.072 mmol) in CH2Cl2 (10 mL) with MeCN (0.1 mL) was added AgOTf 
(37 mg, 0.144 mmol) in CH2Cl2 (5 mL). The solution color turned from orange to 
dark red upon addition of the AgOTf solution. The reaction solution was stirred 
at room temperature for 5 h. The solvent volume was reduced to about 1 mL, 
and over-layered with Et2O (10 mL) to yield a brick red solid. The solid was 
isolated via filtration and crystallized from CH2Cl2 (1 mL) and Et2O (7 mL) at –30 
ºC to yield X-ray quality crystals. Yield: 31 mg (42%)  
1H NMR (CD2Cl2): ! 1.147 (9H, s), 1.427 (9H, s), 1.588 (15H, s), 2.743 (3H, s), 
6.034 (1H, s), 7.405 (1H, s), 7.472 (1H, d), 7.870 (1H, d), 8.022 (2H, t).  
19F NMR (CD2Cl2): ! -59.5.  
The decomposition of [2.1F(MeCN)](OTf)2 was monitored by adding 0.02 mL of 
CD3CN to the CD2Cl2 solution and the 
19F NMR signal at !-59.5 was observed to 
disappear after about 5 h, the 1H-NMR spectrum was complicated. 
[Cp*Ir(tBAFPh)(NCMe)]PF6, [2.1
F(NCMe)]PF6. This salt was prepared 
analogously to [2.1F]PF6 but in MeCN solution and can be isolated by 
crystallization from Et2O. The MeCN was removed by 2x recrystallization from 
CH2Cl2/ether and heating to 40 ºC at reduced pressure. The loss of MeCN was 
determined by ESI-MS and EA. Magnetic moment of a solution of 
[2.1F(NCMe)]PF6 in 10% C6D6:CD3CN gave 2.31 BM.  
Cp*Ir(tBAt-Bu), 2.1t-Bu. A solution of [Cp*IrCl2]2 (1.00 g, 1.256 mmol) in of 
CH2Cl2 (40 mL) was combined with a solution of H2
tBAt-Bu (0.70 g, 0.512 mmol) in 
CH2Cl2 (20 mL). After 5 min of stirring, K2CO3 (1.00 g, 7.24 mmol) and Et4NCl (10 
mg 60.3 µmol) were added. After about 1 h the solution color had turn from 
orange to red. The reaction solution was filtered through a course frit to remove 
K2CO3, and the solvent was removed under reduced pressure. The solid was 
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extracted from the residue into pentane (10 mL), and the pentane solution was 
passed through a plug of Celite to remove the Et4NCl. The resulting solution was 
cooled to –30 ºC for 12 h, and the resulting crystals were collected and washed 
with cold pentane. Yield: 1.127 g (75 %).  
1H NMR (CD2Cl2): ! 1.30 (s, 9H), 1.48 (s, 9H), 1.83 (s, 9H), 1.89 (s, 15H), 6.71 (d, 
1H), 7.33 (d, 1H).  
UV-Vis (CH2Cl2) "max, nm (#): 456 (9436).  
Anal. Calcd for C28H44IrNO (found): C, 55.78 (55.74); H, 7.36 (7.71); N, 2.32 
(2.46). 
 [Cp*Ir(tBAt-Bu)]PF6, [2.1
t-Bu]PF6. A solution of AgPF6 (63 mg, 0.249 mmol) 
in CH2Cl2 (5 mL) was added to a solution of 2.1
t-Bu (150 mg, 0.249 mmol) of 
CH2Cl2 (40 mL). Upon addition of AgPF6 the reaction solution color changed 
from bright orange to dark brick red. The reaction solution was allowed to stir for 
5 h over which time silver metal precipitated. The reaction solution was filtered 
through Celite to remove silver precipitate, rinsing with CH2Cl2 (~20 mL) until the 
effluent ran colorless. The solvent was removed under reduced pressure, and 
the resulting brick red solid was crystallized from CH2Cl2 (5 mL) over-layered 
with hexanes (15 mL). To remove any excess 2.1t-Bu, the resulting crystals were 
washed with portions of ether (10 mL) until the effluent runs colorless. The solid 
was dried at 40 ºC at 0.5 mm Hg and stored in an N2-filled glove box. Yield: 37 
mg (20%). The magnetic moment of [2.1t-Bu]PF6 was determined to be 2.58 BM, 
by the Evans method in 10% C6D6:CD2Cl2 solution.  
UV-Vis (CH2Cl2, nm (#)) "max: 460 nm (4211).  
Anal. Calcd for C28H44F6IrNOP
.CH2Cl2 (found): C, 41.82 (41.20); H, 5.46 (5.38); N, 
1.68 (2.36).  
 [Cp*Ir(tBAt-Bu)(PMe3)]PF6, [2.1
t-BuPMe3]PF6. A Schlenk tube was charged 
with [2.1t-Bu]PF6 (23 mg, 30.7 µmol) in CH2Cl2 (5 mL). To a frozen solution excess 
PMe3 was transferred via vacuum distillation. The solution was thawed and 
shaken periodically over the course of 40 min. The color did not change 
substantially. Solvent and excess PMe3 were removed under reduced pressure 
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resulting in a brick red oily solid. The residue was triturated with portions of 
hexanes (10 mL) until the effluent ran colorless. The resulting powder was 
isolated via filtration. UV-Vis (CH2Cl2, nm) !max: 460. 
[Cp*Ir(tBAt-Bu)(CO)]PF6, [2.1
t-BuCO]PF6. A solution of [2.1
t-Bu]PF6 (22 mg, 
29 µmol) in CH2Cl2 (5 mL) was sparged with CO for 30 s. The color of the 
solution lightened from brick red to yellow. The solvent was removed under 
reduced pressure, and the resulting solid was rinsed with portions of hexanes 
(10 mL) until the effluent ran colorless. The resulting powder was isolated via 
filtration and dried in vacuum. IR (KBr): "CO = 2038 cm
-1. 
Cp*Ir(tBAt-Bu)(CN), 2.1t-BuCN. A solution of 2.1t-Bu (70 mg, 0.116 mmol) in 
CH2Cl2 (10 mL) was added to a slurry of AgCN (15.6 mg, 0.116 mmol) in MeCN 
(10 mL). No immediate color change was observed. After stirring for 12 h, the 
reaction solution had turned from orange to cherry red. The mixture was filtered 
through Celite to remove precipitated silver. The solvent volume was 
concentrated to about 5 mL, and hexanes (20 mL) was added. The resulting 
mixture was cooled to –30 ºC to yield a cherry-red solid. The air stable product 
was isolated via filtration. Yield: 44 mg (60 %).  
UV-Vis (CH2Cl2) !max, nm (#): 480 (3887).  
Magnetic moment (Evan’s Method): µeff = 2.58 µB.  
MS-ESI+ [Cp*Ir(tBAt-Bu)(CN)]: 630.2 m/z. 
IR (KBr) "max: 2119 cm
-1 (CN). 
Anal. Calcd for C29H44IrN2O
.CH2Cl2: C, 50.48 (49.62); H, 6.49 (6.50); N, 3.92 
(4.01). 
[Cp*Ir(tBAt-Bu)(CN)]PF6, [2.1
t-BuCN]PF6. To a solution of 2.1
t-BuCN (50 mg, 
79 µmol) in MeCN (10 mL) was added [Cp2Fe]PF6 (24 mg, 0.078 mmol) in MeCN 
(10 mL). The solution color turned from cherry red to brown. The reaction 
solution was stirred for 1 h, after which Et2O (30 mL) was added to precipitate a 
brown solid. The product was crystallized from CH2Cl2 (2 mL) and Et2O (10 mL) 
followed by washing with hexanes (20 mL). Yield: 47 mg (76 %).  
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1H NMR (CD2Cl2): ! 1.01 (s, 9H), 1.35 (s, 9H), 1.48 (s, 9H), 1.58 (s, 15H), 6.15 (d, 
1H), 7.35 (d, 1H). 
Cp*Rh(tBAFPh), 2.2F. A solution of H2
tBAFPh (240 mg, 0.65 mmol) in 
MeCN (10 mL) was added to a slurry of [Cp*RhCl2]2 (200 mg, 0.32 mmol) in 
MeCN (15 mL) followed by the addition of Et3N (0.2 mL, 14 mmol). The reaction 
solution was stirred for 4 h, the solvent was removed under vacuum. The air-
stable purple microcrystals were extracted into n-hexane (50 mL), and the 
extract was filtered to remove Et3NHCl. Evaporation of filtrate afforded a purple 
powder. Yield: 0.18 g (92%). Slow evaporation of a MeCN solution of 2.2F gave 
purple X-ray quality crystals. 
1H NMR (CD2Cl2): ! 1.09 (s, 9H), 1.53 (s, 9H), 1.67 (s, 15H), 6.16 (d, 1H), 6.86 (d, 
1H), 7.24 (d, 1H), 7.38 (t, 1H), 7.65 (t, 1H), 7.78 (d, 1H). 
19F NMR (CD2Cl2): ! -60.5 (s). 
FD-MS+: m/z = 601.  
UV-Vis (CH2Cl2) "max, nm (#): 579 (3110), 353 (410), 288 (1300). 
Anal. Calcd for C31H39NF3ORh (found): C, 61.95 (61.45); H, 6.54 (6.73); N, 2.33 
(2.48). 
[Cp*Rh(tBAFPh)]BArF4, [2.2
F]BArF4. A solution of 2.2
F (105 mg, 0.17 mmol) 
in CH2Cl2 (15 mL) was added a solution of [Cp2Fe]BAr
F
4 (170 mg, 0.169 mmol) in 
CH2Cl2 (10 mL). An immediate color change from purple to green was observed. 
After 5 h, the solvent was removed under vacuum. The oily green residue was 
crystallized by extracting into CH2Cl2 (7 mL) and layered with hexane (30 mL). 
The resulting green solid was washed with hexane (10 mL) and dried at 0.5 
mmHg. A MeCN solution of the [Cp*Rh(tBAFPh)]BArF4 upon cooling to –30 °C 
afforded brown X-ray quality crystals of the adduct [Cp*Rh(tBAFPh)(NCMe)]BArF4. 
Yield: 0.196 g (80%).  
ESI-MS+, m/z: 601 ([Cp*Rh(tBAFPh)]+).  
UV-Vis (CH2Cl2) "max, nm (#): 653 (4000), 437 (7400).  
UV-Vis (MeCN): "max, nm (#): 793 (800), 575 (1300), 447 (3700), 333 (sh).  
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Anal. Calcd for C63H51NBF27ORh (found): C, 53.44 (53.90); H, 3.63 (3.25); N, 1.00 
(1.38). 
 (cymene)Ru(tBAFPh), 2.3F. A solution of H2
tBAFPh (0.24 g, 0.65 mmol) in 
MeCN (10 mL) was added to a solution of [(cymene)RuCl2]2 (200 mg, 0.33 mmol) 
in MeCN (15 mL) followed by the added Et3N (0.19 mL, 13 mmol). The reaction 
solution was stirred for 4 h and the solvent was evaporated under reduced 
pressure. The red residue was extracted into hexanes (100 mL) and the solid 
Et3NHCl was removed via filtration. The solvent volume was reduced to about 
20 mL and by using a slow stream of argon, the remaining solvent was 
evaporated to yield X-ray quality crystals. Yield: 170 mg (87%). 
1H NMR (CD2Cl2): ! 1.08 (9H, s), 1.36 (6H, dd), 1.53 (9H, s), 1.73 (3H, s), 2.76 (1H, 
m), 4.98 (1H, d), 5.13 (1H, d), 5.38 (1H, d), 5.45 (1H, d), 6.20 (1H, d), 6.50 (1H, d), 
6.89 (2H, s), 7.03 (1H, s), 7.29 (2H, s), 7.34 (1H, d), 7.44 (1H, d), 7.54 (1H, t), 7.64 
(1H, t), 7.78 (1H, d). 
19F NMR (CD2Cl2): ! -59.36 (s). 
ESI+: m/z = 599 ([C31H38RuNO]
+). 
Anal. Calcd for C31H38NORu (found): C, 68.73 (67.82); H, 7.07 (7.12); N, 2.58 
(2.44).  
[(cymene)Ru(tBAFPh)]PF6, [2.3
F]PF6. A solution of [Cp2Fe]PF6 (120 mg, 
0.36 mmol) in CH2Cl2 (15 mL) was added to 2.3
F (195 mg, 0.33 mmol) in CH2Cl2 
(15 mL). The solution color changed from red to purple. The reaction solution 
was stirred for 3 h, and the solvent was evaporated under reduced pressure. 
The resulting solid was dissolved in CH2Cl2 (2 mL) and layered with hexanes 
(10 mL) to afford purple crystals. The solid was washed with hexanes 
(2 x 10 mL). Yield: 170 mg (70%). 
ESI-MS: m/z = 743 ([(cymene)Ru(tBAFPh)]+). 
Anal. Calcd for C31H38F6NOPRu (found): C, 50.01 (49.88); H, 5.15 (5.21); N, 1.88 
(2.16).  
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2.9.   Crystallography  
The compound [2.1F(NCMe)](OTf)2 was crystallized from CH2Cl2 
overlayered with hexanes. The structure was solved by direct methods. The 
proposed model includes 1.5 idealized hexane solvate molecules per unit cell 
disordered about the inversion center, one idealized CH2Cl2 solvate per unit cell 
sharing space with the disordered hexane, two triflate anions, one ordered and 
one disordered over two sites, and one host cation. Similar geometry was 
imposed on the two disordered anion sites using a standard deviation of 0.01 Å. 
Similar, rigid-bond restraints (esd 0.01) were imposed on displacement 
parameters for overlapping disordered sites. Ordered methyl H atom positions, 
R!CH3, were optimized by rotation about R!C bonds with idealized C!H, R!H, 
and H!H distances. Remaining H atoms were included as riding idealized 
contributors. Methyl H atom U’s were assigned as 1.5Ueq of the carrier atom; 
remaining H atom U’s were assigned as 1.2Ueq. 
The compound [2.2F(MeCN)]BArF4 was crystallized from a saturated 
MeCN solution at !30 °C. The structure was solved by direct methods. The 
crystal contained two MeCN solvates per formula unit; one of these was 
disordered about an inversion center. Atoms of the disordered solvent were 
refined as a rigid, idealized group, and their displacement parameters were 
restrained to be isotropic with an effective standard deviation of 0.01. The Cp* 
ligand was also found to have a 2-fold disorder; the atoms modeling the 
disorder were restrained to have the same anisotropic displacement parameters 
with an effective standard deviation of 0.01. For BArF4
!, all CF3 substituents were 
found to be disordered over two sites. These F3C!C(aryl) groups were restrained 
to similar, ideal geometry (esd 0.01 Å for bond lengths and 0.02° for angles). H 
atoms were included as riding idealized contributors. Methyl H atom U’s were 
assigned as 1.5Ueq of the carrier atom; remaining H atom U’s were assigned as 
1.2Ueq.  
The complex 2.2F was crystallized from a saturated MeCN solution at –30 
ºC. The structure of 2.2F was solved by Direct Methods. Methyl H atom 
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positions, R-CH3, were optimized by rotation about R-C bonds with idealized C-
H, R-H and H-H distances. Remaining H atoms were included as riding idealized 
contributors. U’s for -CH3 atoms were assigned as 1.5Ueq of the carrier atom. 
Remaining H atom U's were assigned as 1.2x carrier Ueq. 
The compound 2.3F was crystallized from a saturated MeCN solution at –
30 ºC. The structure of 2.3F was solved by Direct Methods. Methyl H atom 
positions, R-CH3, were optimized by rotation about R-C bonds with idealized C-
H, R-H and H-H distances. Remaining H atoms were included as riding idealized 
contributors. U's for -CH3 atoms were assigned as 1.5Ueq of the carrier atom. 
Remaining H atom U's were assigned as 1.2x carrier Ueq.  
For a complete list of bond lengths and angles see Appendix D. 
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Chapter 3.   Oxidation of H2 with Metal Catalyst 
Containing a Redox-active Ligand 
3.1.   Introduction 
The oxidation of dihydrogen by soluble metal complexes has long been 
studied,1,2 and in recent years detailed mechanistic information in the oxidation 
of H2 has become available.
3, 4 The oxidation of dihydrogen is an important 
process by which H2 is transformed into protons and electrons, i.e. useable fuel. 
Recognizing that H2 oxidation begins with the formation of dihydrogen 
complexes,5 complexes that would bind H2 and convert to the hydride by easy 
deprotonation should be employed. Dihydrogen complexes generally resist 
oxidation, but the corresponding hydrides are redox-active (Scheme 3.1).6,7,8 
Redox-active complexes of H2/H- complexes are operative in the [NiFe]- and 
[FeFe]-hydrogenases.9,10,11 
 
Scheme 3.1.   General mechanism by which soluble metal complexes oxidize 
dihydrogen. 
Interest in dihydrogen oxidation has increased in response to the much 
publicized use of dihydrogen as an energy carrier.4, 12 Complexes that oxidize 
hydrogen are generally not as common.13 The kinetic analysis of the oxidation of 
hydrogen by simple transition metal ions, such as Ag+ in aqueous heptanoic acid, 
has 1st order kinetics in metal and H2.1 Although metal-hydrides are not observed 
in Halpernʼs work, the kinetic analysis of the reduction of Fe(III) by H2 and RhCl3 
M + H2 M
H H
+ B M
H
BH+
–
+
-2e-
M
H +
+ BBH++M
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catalyst in aqueous HCl, suggests the heterolytic splitting of H2 by Rh(III) is the 
rate determining step which is followed by the formation of a metal hydride, 
RhCl5H3-, that is readily oxidized by Fe(III).2 More recent work by Ogo et al. into 
the development of hydrogenase models shows that the oxidation of hydrogen 
proceeds through a metal-hydride.13, 14  
Metal-based redox reactions involving transition metal complexes result 
in dramatic changes in the geometry and M-L bond. Whereas metal-centered 
redox chemistry is well known to dramatically alter the bonding of the metal-
ligand ensemble, the changes in the redox state of the ligands gives subtler 
effects.15, 16 In the quest to develop catalysts for reactions of small inorganic 
molecules, redox active ligands may lead to higher rates because the 
associated activation barriers were gentler.17  Furthermore, the electrons/holes 
are supplied to the metal with those from the ligand, which can facilitate 
reactions that require multi-electron transfers.  
Dramatic changes in geometry and bonding character requires input of 
energy, which results in high overpotentials (Scheme 3.2). The use of 
redox-active ligands allows for changes in the reactivity at the metal without 
formally affecting the oxidation state and thus the change in geometries can be 
subtle. Redox-active ligands, sometimes called non-innocent ligands, allow for 
metals centers to access unusual oxidation states, i.e. pseudo-oxidations 
states, which are otherwise inaccessible.18 
 
Scheme 3.2.   Proposed dihydrogen oxidation by metal catalyst (red) versus 
metal-(non-innocent ligand) catalyst  
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Strong !-donors, such as 2-amidophenolate, stabilize formally 
electronically unsaturated metal complexes. Oxidatively induced Lewis acidity 
(OI-LA) in such complexes had not been widely exploited. In this chapter is 
presented the oxidation of 16e amidophenolate derivatives of Cp*M2+ (M = Rh, 
Ir) which enhances the electrophilicity sufficiently to cause an interaction with 
dihydrogen. The spectroscopic, crystallographic, and electrochemical 
measurements indicate that the oxidation was significantly localized on the 
amidophenolate ligand, yet readily oxidize dihydrogen. 
These studies utilized the amidophenolate complexes Cp*Ir(tBAFPh) (3.1F) 
Cp*Ir(tBAt-Bu) (3.1t-Bu), Cp*Rh(tBAFPh) (3.2F), and CyRu(tBAFPh) (3.3F). 
 
 
3.2.   Hydrogenolysis 
The neutral complexes (3.1F, 3.1t-Bu, 3.2F, 3.3F) were unreactive toward 
hydrogen (1 atm) even for extended reaction times (1 week). The coordinatively 
saturated salt [3.1t-Bu(MeCN)]PF6 was also unreactive toward H2. Under strictly 
analogous conditions, a CH2Cl2 solution of [3.1
t-Bu]PF6 reacted with H2 over the 
course of several minutes at room temperature, as indicated by a color change 
from brick red to pale yellow. The hydrogenolysis reaction afforded [Cp*Ir(µ-
H)3IrCp*]PF6
19 and free aminophenol, consistent with the stoichiometry in Eq 3.1. 
Ru
O
N
PhF
N
O
M
PhF
N
O
M
Cp*Ir(tBAFPh) 3.1F Cp*Ir(tBAt-Bu) 3.1t-Bu
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The reaction was monitored by UV-vis spectroscopy (!max = 460 nm for [3.1
t-
Bu]PF6), and the rate was found to be first order in both [3.1
t-Bu]PF6 and PH2 with 
rate constant of 1.61 x 10-4 (± 0.12 x 10-4) at 22 ºC (Figure x and x). The plot of 
the 1st order kinetics of [3.1t-Bu]PF6 with H2 was generally inconsistent in the first 
10 min because the sample was frozen, in order to charge the sample with H2 
and the temperature had to equilibrate.   
 
Figure 3.1   Rate of hydrogenolysis of [3.1t-Bu]PF6 + H2 monitored by UV-Vis 
spectrum obtained every 18 s. 
 
Figure 3.2   Hydrogenolysis 1st order plot of concentration of ([3.1t-Bu]PF6)  
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3.3.   Oxidation of Dihydrogen  
The oxidation of H2 proceeded in the presence of a non-coordinating 
base, which suppressed hydrogenolysis of the complex. Thus, hydrogenation (1 
atm) of [3.1t-Bu]+ and [3.1F]+ in CH2Cl2 containing excess 2,6-di-tert-butylpyridine 
(t-Bu2py) (5 equiv.) resulted in the clean formation of neutral 3.1
t-Bu and 3.1F (eq 
3.2, Figure 3.3). 
 
 
Figure 3.3   Change in color from [3.1F]+ to 3.1F 
 
Figure 3.4   Reaction of [3.1F]BArF4 + H2 + 5 t-Bu2py monitored by UV-Vis 
spectrum obtained every 18 s for 576 s. 
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Figure 3.5   The 1st order plot of concentration of ([3.1F]BArF) corrected for 
absorbance of 3.1F 
The reduction of [3.1F]+ with H2 was monitored by changes in optical 
spectra (Figure 3.3) which featured an isosbestic point. This behavior was 
consistent with a 1:1 reaction in which the radical cation was reduced to the 
neutral starting material. The reduction of [3.1F]+ with H2 was also monitored by 
1H-NMR (Figure 3.6), which showed the formation of 3.1F. In a control 
experiment to establish a possible role of 3.1F as the base, a 2:1 mixture of 
[3.1F]PF6 and 3.1
F (CD2Cl2 solution) was found to be unreactive toward H2, 
except for the formation of 1 equiv. Cp*2Ir2H3
+. The rate of reduction depended 
on the PH2 and [3.1
F]+ and not on the concentration of t-Bu2py. The rate of 
reduction of [3.1F] by D2 (1 atm) in the presence of t-Bu2py gave kH/kD = 1.2. 
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Figure 3.6   1H NMR spectra at 20 s intervals of [3.1F]PF6 reaction with H2 and 
t-Bu2py in d8-THF showing the formation of 3.1
F. Left: Cp*, Right: t-
Bu region.   The aromatic protons were omitted for clarity. - 
The rate of the hydrogenation reaction of [3.1t-Bu]PF6 in the presence of 
t-Bu2py was also evaluated and found to have a rate constant of 1.01 x 10
-3 
M-1atm-1s-1. The rate was unaffected by the concentration of base and exhibited 
a first order dependence on both [3.1t-Bu]PF6 and pH2 (eq 3.). The rate of 
reduction of [3.1t-Bu]PF6 by D2 (1 atm) in the presence of t-Bu2py gave kH/kD = 
2.01.  
Eq. 3.1 d[3.1t-Bu]/dt = (1.01 x 10-3)(PH2)[( 3.1
t-Bu)+] (22 ºC) 
  
Figure 3.7   Plot of effect of pH2 on rate constant for 3.1F (Left) and 3.1t-Bu (right) 
in CH2Cl2. 
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The oxidation of H2 does not show a rate dependence on the 
concentration of t-Bu2py, however the reaction went to completion if more than 
two equivalents of base were used. When a limiting amount of t-Bu2py 
(1.5 equiv.) was used the reaction only converted 2/3 of the [3.1F]+ to 3.1F and 
when a stoichiometric amount of t-Bu2py (2 equiv.) was used full conversion of 
[3.1F]+ to 3.1F was observed. These data were consistent with the stoichiometry 
presented in Eq 3.2. 
The reduction of [3.1F]PF6 by H2 with t-Bu2py was almost twice as fast 
[3.1t-Bu]PF6. The kinetic isotope effect for [3.1
F]PF6 was kH/kD=1.2, while for 
[3.1t-Bu]PF6 kH/kD = 2.01 which suggest that [3.1
t-Bu]+ interacted with H2 stronger, 
consistent with the higher pKa (vide infra). Changing from Cp* to C5Me4H only 
slightly affected the rate. The rate of reduction was strongly affected by the 
counter anion: reduction of [3.1F]BArF4 by H2 was about 30x faster than [3.1
F]PF6. 
Different metal cations were also evaluated, the analogous [3.2F]BArF4 was 
reduced by H2 but was 10x slower than the iridium complex. The cymene 
ruthenium complex, [3.3F]PF6, did not react with H2. A summary of the rate 
constants is shown in Table 3.1. 
 
Table 3.1.   Rate Constants for Oxidation of H2 
Catalyst Rate Constants 
[3.1t-Bu]PF6 1.01 x 10
-3 (±2.66 x 10-5) 
[3.1F]PF6 1.85 x 10
-3 (±1.06 x 10-4) 
[3.1F]BArF4 4.66 x 10
-2 (±2.28 x 10-3)  
[Cp#Ir(tBAFPh)]PF6 1.13 x 10
-3 (±8.69 x 10-4) 
[3.2F]BArF4 4.74 x 10
-3 (± 2.18 x 10-4) 
[3.3F]PF6 no reaction 
[Ni(PCy2N
Bz
2)2](BF4)2
a 0.420 
AgOAc in pyridine (70 ºC) 0.491 
aPCy2N
Bz
2 = [C6H11PCH2N(CH2Ph)CH2]2. 
 58 
3.4.   Catalytic Reduction 
With 3.1t-Bu as a catalyst, [Cp2Fe]
+ (Fc+) was reduced with H2 according to 
the half reactions in Scheme 3.3.  Thus, a bluish H2-saturated solution consisting 
of equal parts FcPF6 and t-Bu2py became pale yellow upon addition of 3.1
t-Bu 
(2.5 mol%). The reduction of Fc+ in the presence of H2 and t-Bu2py did not occur 
in the absences of the 3.1t-Bu. The rate constant was to be independent of the 
initial concentration of Fc+. The rate constant for the reduction of Fc+, 0.90 x 10-
3.s-1, was similar to the single turn over rate constant for [3.1t-Bu]PF6 (1.01 x 
10-3.s-1). The first oxidation potential of [3.1t-Bu]0/+ lay below Fc+/0 so that the 
equilibrium between 3.1t-Bu and Fc+ only seem to have a mild affect on the rate 
constant (Scheme 3.4). The 0th order plot does indicate that when Fc+ becomes 
limiting the rate increased by a factor of ~1.5. The increase in rate maybe a 
result of Fc+ inhibiting the reaction. One possible explanation is that in the 
presence of excess Fc+ a small amount of the dication was formed resulting in a 
strong ion pairing with the counter anion, thereby inhibiting H2 binding. The 
complex 3.1F oxidation potential was too cathodic to be oxidized by Fc+ and 
thus did not make a suitable candidate for catalysis. 
 
 
Scheme 3.3.   Half-reactions for the oxidation of H2 with ferrocene  
 
Scheme 3.4.   Equilibrium constant between 3.1t-Bu and Ferrocenium 
Cp2Fe+ + e- Cp2Fe
BaseH+[Cp*Ir(tBAtBu)]+ + 1/2H2 [Cp*Ir(tBAtBu)] +
Base
[Cp*Ir(tBAtBu)] [Cp*Ir(tBAtBu)]+ + e-
1)
2)
3)
Cp2Fe+ + 1/2H2
Base Cp2Fe BaseH++4)
[Cp*Ir(tBAt-Bu)]+Cp*Ir(tBAt-Bu)
!Eo = (-2RT/F)ln(K) = – 0.160 V
K= 22
+ [Cp2Fe]+ Cp2Fe+
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Figure 3.8   A solution of 0.1 M [Cp2Fe]PF6, 0.4 M t-Bu2py, and 3.1t-Bu (catalyst) 
in CH2Cl2 (left) and 18 h after pressurization with of H2 (3 atm) 
(right).  
 
Figure 3.9   The 0th order rate of the disappearance of Fc(PF6) (625 nm, != 390) 
vs time 
3.5.   Discussion  
The rate of reduction of [3.1F]PF6 was first-order in both [3.1
F]PF6 and PH2. 
A MeCN solution of [3.1F]PF6 was found to be unreactive towards H2, indicating 
that MeCN competed with H2. The rate law was consistent with the intermediacy 
of [3.1F(H2)]
+. Consistent with an acidic intermediate, the rate of reduction of 
[3.1F]+ by H2 was found to be independent of the concentration of the base. The 
rate displayed small isotope effect (kH2/kD2 = 1.2). Modest isotope effects are 
typical for the binding of H2 versus D2 to metal centers. 
21, 22  In the absence of 
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base, [3.1F]PF6 underwent hydrogenolysis to give [Cp*2Ir2H3]
+ and free H2
tBAFPh, 
consistent with the intermediacy of an acidic dihydrogen complex.  
The complexes containing the amidophenolate ligand can exist in three 
oxidation states (diolate, semi-quinone and quinone), and the closeness of the 
E1/2
0/+ and E1/2
+/2+ for both 3.1F and 3.1t-Bu couples with PF6
– as the counter anion 
(Kdisp 0.085) raises the possibility that small amounts of dication was 
responsible for the observed oxidation of H2. The bimolecular kinetics was 
compatible with either (or both) the monocation and a dication being the active 
oxidant. Experiments aimed at determining which of the two cationic states was 
responsible for the oxidation of H2 were performed.  
Although the “hydrogenophilicity” of metal centers normally increases 
with charge,22 the data indicates that the singly oxidized species were better 
catalysts than the dication. The role of the singly oxidized species was 
supported by the finding that [3.1F]BAr4
F is nearly 30 times faster than the PF6
- 
salt. Being subject to a far higher comproportionation constant (K = 2.15 x 10-3) 
solutions of the BArF4
- salt contains less of the dication (and neutral) 
components. Coulommetry experiments are also consistent with the activation 
of H2 by the monocations, since the rate (current) of H2 oxidation was not 
enhanced at potentials above to the second oxidation. The inactivity of the 
dications was attributed in part to their high Lewis acidity, which may result in 
their binding counteranions. The catalytic reduction of Fc+ in fact indicated that 
the dication may inhibit the oxidation of H2 by these catalysts due to ion pairing. 
The reduction of [3.1R]+ with H2 was unaffected by the addition of Hg, which 
indicated that no Ir0 was formed.  
In terms of mechanism, the proposed catalytic cycle involves the intact 
complex – consistent with the reduction being far faster than the 
hydrogenolysis. Substituents on the amine affect the rate: the 
trifluoromethylphenyl derivative [3.1F]+ was reduced by H2 nearly twice as fast as 
the t-butyl derivative [3.1t-Bu]+. Substituents on the cyclopentadienyl ligands 
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(C5Me5 vs C5Me4H) and the identity of the metals (Rh vs Ir) also affect the rates 
but were much milder.  
The propose H2 oxidation mechanism begins with formation of the 
complex [Cp*Ir(tBAR)(H2)]
+. This assumption was consistent with the inhibition of 
H2 oxidation by MeCN and possible ion pairing, in essence the more naked the 
iridium center was the better, e.g. using BArF4
- counter ions and the large R-
group helps shield the metal center. In the next step, the H2 adduct underwent 
deprotonation consistent with the high Brønsted acidity of many cationic 
dihydrogen complexes and the lack of rate dependence on base.21, 22 
Deprotonation of the dihydrogen complex would give the hydride Cp*Ir(tBAR)H, 
which would be readily oxidized either by [Cp*Ir(tBAR)]+ or Fc+. Oxidation of metal 
hydrides increases the acidities by as much as 1020.23 Although the oxidation 
was ligand-centered, the acidity of the resulting [3.1t-BuH]+ was readily 
deprotonated by the pyridine base, t-Bu2py.
24 
The redox potential of the (unobserved) hydride was modeled to some 
extent by the cyanide 3.1t-BuCN although the hydride was expected to be a 
better electron-donor than cyanide.25 By comparing the couples for [3.1t-Bu]+/2+ 
and [3.1t-BuCN]0/+, it was found that cyanide stabilizes the doubly oxidized state 
by 0.44 V. In fact the [3.1t-BuCN]0/+ couple was 0.260 V milder than the [3.1t-Bu]0/+ 
couple, i.e. 3.1t-BuCN would be readily oxidized by [3.1t-Bu]+. Thus, it was 
apparent that [3.1t-BuH] would readily convert to [3.1t-BuH]+ in the presence of 
[3.1t-Bu]+ or any external oxidant(eq 4). The overall proposed mechanism is 
shown in Scheme 3.4. 
Eq.3.1.   [3.1t-BuX] + [3.1t-Bu]+ ! [3.1t-BuX]+ + [3.1t-Bu] (X = CN, E = 0.260 V) 
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Scheme 3.5.   Proposed pathway for the oxidation of H2 by iridium 
amidophenolate complexes. 
3.6.   Experimental  
Reaction of [3.1F]PF6 with H2 and 2,6-di-tert-butylpyridine (t-Bu2py) in 
d8-THF. A solution of [3.1F]PF6 (10 mg, 12 µmol) and (1.5 mg, 9.3 µmol) 
hexamethylbenzene (internal standard) in 0.9 mL d8-THF was prepared under 
vacuum in a J-Young NMR tube. A 0.003 mL (12 µmol) aliquot of t-Bu2py was 
added to a frozen sample by briefly opening the J-Young NMR tube to air. The 
frozen sample tube was re-evacuated before thawing. An initial 1H NMR 
spectrum was recorded with a post-pulse delay time of 15 s. The thawed 
sample tube was then pressurized with 1 atm H2. The sample was thawed and 
the initial spectrum recorded at 2.45 min. Time = 0 was when the sample began 
to thaw. The sample was dark brown when placed in the spectrometer. A 
spectrum was recorded every 20 s (pre-acquisition delay of 15 s with acquisition 
time 5 s) for 110 min at 292 K. Upon removal from the spectrometer the solution 
color had changed to orange. The rate of conversion was calculated from the 
appearance of the Cp* signal of 3.1F referenced to the signal for C6Me6 (d2.19). 
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Conversion to 3.1F was observed after first 10 min. In the absence of base, the 
reaction afforded [Cp*2Ir2H3]
+ 26 and free H2
tBAFPh 27 over the course of 72 h.  
Reduction of [3.1F]PF6 with H2. A 4 mL solution of a 5.0 x 10
-4 M [1]PF6 
(prepared by dissolving 10 mg (12.0 mmol) in 25 mL CH2Cl2) in CH2Cl2 and 350 
µL of a 0.0113 M t-Bu2py in CH2Cl2 solution were mixed and 20 mL CH2Cl2 was 
added to a UV-vis reaction cell (Figure 3.10). An initial UV-vis spectrum was 
recorded. The sample was pressurized with H2 (1 atm), the pressure being 
determined with a Hg manometer. The sample was carefully thawed and 
shaken; the initial spectrum was recorded at time = 120 s. Time = 0 was when 
the frozen sample was thawed. The sample was brown upon insertion into the 
spectrometer. A spectrum was recorded every 15 s for 120 min at 298 K (Figure 
3.10). The sample was not stirred for the duration of the experiment. Rates were 
determined by the disappearance of the band at 524 nm. The data points 
obtained from for kinetic analysis was every 5th spectrum of the first 60 spectra 
were used from the total 96 spectra obtained (2t1/2). 
Reduction of [3.1t-Bu]PF6 with H2. A stock solution of [3.1
t-Bu]PF6 (8.03 x 
10-5 M) in CH2Cl2 (50 mL) was prepared. To an oven-dried UV-vis cell that was 
fitted with an air-tight Teflon stopcock, the stock solution was added (4 mL) 
under argon. An initial UV-vis spectrum was recorded. Taking care not to 
introduce air, the solution was sparged with H2 for 20 s, and the cell was sealed 
under an active purge of H2 to establish approximately 1 atm of H2. The solution 
was shaken and placed in the spectrometer, and the initial spectrum was 
obtained at 48 s after H2 was introduced. Spectra were recorded at 10 s 
intervals for 40 min (296 K). The solution was not stirred for the duration of the 
experiment. The rate was monitored by following the peak at lmax = 460 nm. Data 
from t = 0 to 360 s were analyzed. The rate constant for an average of four 
experiments was 1.01 x 10-3 s-1. 
Reduction of [3.1t-Bu]PF6 with H2 in the Presence of Base. A stock 
solution of [3.1t-Bu](PF6) (1.01 mM) and 2,6-di-t-butylpyridine (2.26 mM) in CH2Cl2 
was prepared. To the UV-Vis reaction cell was added stock solution (1 mL) 
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followed by dilution with CH2Cl2 (10 mL). The initial UV-vis spectrum was 
recorded, and the sample was frozen in a liquid N2. The frozen solution was 
evacuated and then pressurized with H2 (1 atm). The sample was thawed by 
shaking the flask under running tepid tap water; the initial spectrum was 
recorded at time = 124 s. Time = 0 was assigned to the moment the sample was 
completely thawed. The solution color was pale brown upon insertion into the 
spectrometer. Spectra were recorded at 20 s intervals for 40 min (296 K). The 
sample was not stirred for the duration of the experiment. Rates were 
determined by monitoring the disappearance of the peak at 460 nm. The data 
used was from time = 120 to 900 s, the delay in start time was due to allowing 
the temperature of the solution to equilibrate. The average of four runs has a 
rate constant of 1.702 x 10-4 ± 2.04 x10-6 s-1M-. When a solution of [3.1t-Bu]PF6 in 
CH2Cl2 was treated with t-Bu2py, the optical spectrum remained unchanged. 
NMR analysis indicated the formation of 3.1t-Bu, [(Cp*Ir)2µ-H3](PF6), t-Bu2pyH
+, 
and H2
tBAt-Bu. The reduction of [3.1F]PF6
 and [3.2F]BArF4 were performed in the 
same manner. 
Hydrogenation of Cp2Fe
+ Salts. A stock solution of [Cp2Fe]PF6 (115 mg, 
0.347 mmol), 3.1t-Bu (5.2 mg, 8.67 µmol), and t-Bu2py (76 µL, 0.347 mmol) of was 
prepared in CH2Cl2 (100 mL). The UV-vis reaction cell was charge with the stock 
solution (10 mL). An initial UV-vis spectrum was recorded, and the sample was 
frozen in a liquid N2. The frozen solution was evacuated and then pressurized 
with H2 (1 atm). The sample was thawed by shaking the flask under running 
tepid tap water; the initial spectrum was recorded at time = 100 s. Time = 0 was 
assigned to the moment when the sample was completely thawed. The sample 
was blue upon insertion into the spectrometer. Spectra were recorded at 60 s 
intervals for 500 min (296 K). The sample was not stirred for the duration of the 
experiment. Rates were determined by monitoring the disappearance of the 
peak at 625 nm. In a control experiment, a solution equimolar in [Cp2Fe]PF6 and 
t-Bu2py under H2 was shown to be stable for days at room temperature.  
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Reaction of 3.2F, 3.3F, and of [3.2F]+, [3.3F]+ with H2. The following ligand 
hydrogenolysis experiments were conducted in CD2Cl2 solutions under H2 (1 
atm) and analyzed by 19F NMR spectroscopy (H2
tBAFPh –62 ppm). The yields for 
the reaction of [3.2F]0/+ with H2 were calculated from the ratio of anion 
19F NMR 
signal (-59 ppm, BArF4
-) to free ligand signal. Treatment of [3.3F]0/+ with H2 did 
not yield significant amounts of free ligand. Yield of H2
tBAFPh (time): 3.2F 20% (7 
days), [3.2F]BArF4 100% (~2 h), 3.3
F none (7 days), [3.3F]PF6 trace (7 days).  
 
Figure 3.10   UV-vis reaction cell used in kinetic analysis of reaction of radical 
cations with H2. Warning: Precautions must be taken using a 
pressurized reaction apparatus. All samples were carefully thawed 
and brought to room temperature before insertion into the 
spectrometer and transferred while frozen to avoid a pressure 
build-up from rapid thawing. 
Reduction of [3.1F]+ with Triethylsilane. A 0.8 mL CD2Cl2 solution of 
[3.1F]PF6 (26.5 mg, 32.3 mmol) and hexamethylbenzene (11.6 mg, 71.5 mmol) 
(internal standard) was prepared under vacuum in a J-Young NMR tube. An 
initial 1H NMR spectrum was showed only a broad Cp* signal for the 
paramagnetic starting material. A solution of Et3SiH (10.0 µL, 64.6 µmol) and 
t-Bu2py (14.0 µL, 64.6 µmol) in CD2Cl2 (0.8 mL) was added to the frozen sample. 
Upon thawing the frozen sample, an immediate color change from brown to 
orange was observed. The presence of 3.1F was verified by 1H NMR 
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spectroscopy. A yield of 68% was calculated from integration of the Cp* signal 
of 3.1F vs the C6Me6 standard. 
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Chapter 4.   Electrochemistry: Oxidation Induced Lewis 
Acidity of Redox-Active Ligand Metal Complexes 
4.1.   Introduction 
Electrochemical techniques such as cyclic voltammetry (CV) are critical to 
understanding the reactivity and electronic structure of redox-active complexes 
especially complexes containing redox-active ligands.1 Often electrochemistry 
allows for transient species to be generated and observed that would otherwise 
be unobtainable. Organometallic complexes tend to be insoluble in aqueous 
medium therefore the electrochemistry of such complexes must be performed in 
polar aprotic solvents.2 The electrochemisty of any analyte is sensitive to the 
solvent and electrolyte. The electrolytes used in non-aqueous are generally a 
quaternary ammonium salts and a weakly coordinating anion, e.g. Bu4NPF6. 
More recently the “non-coordinating” anions such as BArF4
- have been shown to 
drastically affect the CV. 3, 4 
Systems containing redox “non-innocent” ligands are quite complex due 
to the complicated interplay between the metal and ligand oxidation states. The 
“non-innocence” of redox-active ligand systems is a result of resonance 
stabilization of the charge over several atoms, instead of localized at the metal 
center.  
Within this chapter will be discussed the electrochemistry of the 
amidophenolate complexes Cp*Ir(tBAFPh) (4.1F) Cp*Ir(tBAt-Bu) (4.1t-Bu), 
Cp*Rh(tBAFPh) (4.2F), and CyRu(tBAFPh) (4.3F), which were previously described 
in Chapter 1 2 and 3. 
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4.2.   General Electrochemical Behavior of Amidophenolate Complexes  
The CV of complexes containing the amidophenolate ligand were unique 
in that two one-electron oxidations events were observed, this behavior was 
also observed in the CV of complexes containing catecholates. 5-10 The redox 
potential and the reversibility of redox waves of complexes containing 
amidophenolates are dependent on the amine R-group, as well as solvent and 
electrolyte. These complexes were of interest owing to the fact that oxidation 
induced binding of Lewis bases, and electrochemistry allowed for a powerful 
probe into the relative affinity and mechanism for the binding of Lewis bases. 
The potential and !E (peak separation) for the two redox steps depended 
strongly on the supporting electrolyte. The two one-electron oxidations of 4.1t-Bu 
in CH2Cl2 were separated by 0.170 and 0.317 V when the electrolyte was 0.1 M 
Bu4NPF6 and Bu4NBAr
F
4, respectively. The increased peak separation was first 
noted by Geiger et al., the increased value of ΔE for Bu4NBArF4 reflected the 
destabilization of higher oxidation states by a lack of ion pairing.3 The Cottrell 
plot of 4.1t-Bu (Figure 4.1) indicated that the electron transfer rates were under 
diffusion controll.  
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Figure 4.1   Cottrell plot of a CH2Cl2 solution of 0.5 mM 4.1t-Bu with 0.1 M 
Bu4NPF6 supporting electrolyte. 
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Comproportionation is an equilibrium (Eq. 4.1) between redox states in 
which the generated oxidized species is capable of auto-oxidation which 
generates the starting reduced complex and the doubly oxidized complex. The 
comproportionation constant (Kcom) was calculated according to Eq. 4.2 by 
measuring the difference in the redox potentials, i.e. !Eox (= Eox(1) – Eox(2)).1 In 
the system [4.1F]n+/PF6
-, !Eox = 0.170 V corresponds to Kcomp = 3.37 x 10
-2 and 
thus, a solution of nominally 0.50 mM [4.1F]PF6 in CH2Cl2 contained about 20% 
each (0.069 mM) of both [4.1F] and [4.1F](PF6)2. For [1
F]n+/BArF4
- system, Kcomp was 
10x smaller at 2.15x10-3. Similar analysis showed that a nominally 0.50 mM 
solution of [1F]BArF4 will contain only ~4% each (0.0212 mM) of [4.1
F] and 
[4.1F](BArF4)2 (Eq. 4.2). A summary of the comproportionation constants and 
selected Eox can be found in Table 4.1.  a more complete analysis of the effects 
solvent and electrolyte had on the E1/2 are presented in Table 4.3.  Table 4.4.  at 
the end of this chapter. 
Eq.4.1.   2[4.1F]BArF4  !  [4.1F](BArF4)2 + 4.1F 
Eq. 4.2 !Eo = (-2RT/F)ln(K) 
Sample Calculation:  
Kcomp
 = [4.1F][[4.1F](BArF4)2]/[4.1
F]2 = 6.99 x 10-4 
x2/(0.5 – 2x)2 = 6.99 x 10-4,  x = 0.0180 
Table 4.1.   Summary of E1/2 and Comproportionation Constants for Selected 
Complexes.  
*Potentials vs Cp2Fe
0/+; conditions: CH2Cl2 0.1 mM in complex, 0.1 M in Bu4NPF6  
E1/2 (V)
* Kdisp (M) 
     0.050            0.355 
4.1F   !   [4.1F]PF6  !  [4.1
F](PF6)2 
K = 3.37 x 10-2 
2 [4.1F]PF6   !   [4.1
F](PF6)2 + 4.1
F 
    -0.040            0.227 
4.2F   !   [4.2F]PF6   !   [4.2
F](PF6)2 
K = 1.12 x 10-4 
2 [4.2F]PF6   !   [4.2
F](PF6)2 + 4.2
F 
    -0.015            0.110 
4.3F   !   [4.3F]PF6   !   [4.3
F](PF6)2 
K = 5.34 x 10-3 
2 [4.3F]PF6   !   [4.3
F](PF6)2 + 4.3
F 
     0.005             0.322 
4.1F   !   [4.1F]BArF4   !   [4.1
F](BArF4)2 
K = 2.15 x 10-3 
2 [4.1F]BArF4   !   [4.1
F](BArF4)2 + 4.1
F 
    -0.160                  -0.015 
4.1t-Bu   !   [4.1t-Bu]PF6  !   [4.1
t-Bu](PF6)2 
K = 3.72 x 10-2 
2 [4.1t-Bu]PF6   !   [4.1
t-Bu](PF6)2 + 4.1
t-Bu 
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The redox properties of the (arene)Ru complexes differed significantly 
from those for the Rh and Ir derivatives. The complex 4.3F underwent reversible 
1-electron oxidations at –0.015 and 0.110 V followed by a quasi-reversible 
oxidation at 0.570 V. The third oxidation was due to the RuII/III couple since as 
shown in this and related work,11 amidophenolates support only two ligand-
based oxidations. 
4.3.   Oxidation-Induced Lewis Acidity 
The cyclic voltammograms of the amidophenolate complexes were 
strongly affected by donor solvents. The first oxidation of 4.1F in MeCN was 
quasi-reversible even at higher scan rates (> 2 V/s). The ic for the [4.1
F]+/0 couple 
shifts cathodically and the current response became smaller as the scan rate 
was increased to 5 V/s, Figure 4.2. The cathodic shift and lower ic were 
consistent with EC process, whereby oxidation of 4.1F was followed by rapid 
coordination of solvent to form [4.1F(MeCN)]+. The EC mechanism was clearly 
present when the ratio of the ia/ic for each couple was plotted against scan 
rate(Figure 4.3). The plot showed that the first oxidation was coupled to a 
chemical reaction that became diffusion limited at a scan rate was greater then 
~1 V/s. The second oxidation was reversible, consistent with a couple where the 
coordination number at iridium remained unchanged. The voltammograms for 
the oxidation of 4.1F and 4.1t-Bu in MeCN were digitally simulated, being sensitive 
to the following parameters, E1/2 for the [4.1
F]+/0 and [4.1F(NCMe)]+/2+ couples, the 
rate of the reaction MeCN + [4.1F]+, and the binding constant of MeCN to [4.1F]+, 
the digital simulation of the voltammograms will be described further below. 
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Figure 4.2   Cyclic voltammogram of 4.1F vs Cp2Fe0/+.  Conditions: MeCN 
solvent, 0.5 mM 4.1F, 0.1 M Bu4NPF6, and scan rates = 0.01, 0.025, 
0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0 V/s. 
 
Figure 4.3   Plot of the ratio of ia/ic vs. ! for 4.1F in MeCN. Where ! is the scan 
rate (V s-1) and ia/ic (0/I) (triangles) ia/ic (I/II) (squares). Of Figure 4.2. 
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4.4.   OI-LA Coordination of PPh3 
The voltammogram of 4.1F and 4.1t-Bu with the non-coordinating solvent 
and electrolyte CH2Cl2/Bu4NBAr
F was informative in the development of OI-LA. 
The redox properties of 4.1F in the presence of PPh3 differed from that of just 
4.1F where the formation of the adduct [4.1F(PPh3)]
0/+ was observed (Figure 4.4). 
The subsequent addition of PPh3 result in the voltammogram shown in Figure 
4.5, the presence of “isoalpha” points12 indicated that the reaction [4.1F]+ + PPh3 
cleanly gave a single product. The CV measurements with variable amounts of 
PPh3 indicate that PPh3 forms a one-to-one adduct (Figure 4.4). The peak 
current (ip) for observed redox couples has a linear dependence with respect to 
(scan rate)1/2, Cottrell plot, in the presence of two equiv of PPh3 below 1 V s
-1. 
Scan rates above 1 V s-1 result in the Cottrell plot to deviate from linearity, 
indicative electron transfer rates (i.e. [4.1F]0/+) became faster than the binding of 
Lewis bases (Figure 4.6).1  
 
Figure 4.4   Cyclic voltammogram of 4.1F + 0, 0.5, and 1 equiv of PPh3 vs 
Cp2Fe
0/+. Conditions: CH2Cl2, 0.12 x 10
-3 M 4.1F, 0.2 M Bu4NBAr
F
4, 
and scan rate = 0.1 V s-1.  
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Figure 4.5   Cyclic voltammogram of 4.1F + x eq PPh3 vs Cp2Fe0/+. Conditions; 
CH2Cl2, 0.12 mM 4.1
F, x mM PPh3, 0.2 M Bu4NPF6, and scan rate = 
0.1 V/s 
 
Figure 4.6   Cyclic voltammogram of 4.1F vs Cp2Fe0/+. Conditions; CH2Cl2, 0.5 x 
10-3 M 1F, 0.1 M Bu4NBAr
F
4, and scan rate = 0.025, 0.05, 0.1, 0.2, 
0.5 not shown 1, 2, 5 V/s 
The voltammogram of 4.1F with PPh3 was digitally simulated by the 
following parameters: the E1/2 of [4.1
F]+/0, [1F(PPh3)]
+/2+, and [4.1F(PPh3)]
+/0; the rate 
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of the reaction PPh3 + [4.1
F]+ and deligation of PPh3 from 4.1
F; and the binding 
constant of PPh3 to [4.1
F]+ and 4.1
F(Figure 4.7). The binding of PPh3 by [4.1
F]+ 
occurs at ca. 105 s-1 with Kequlib = 2 x 10
8. Conversely, the simulation indicated 
that dissociation of PPh3 from 4.1
F(PPh3) proceeds at a rate of 10
3 s-1 with Kequilib 
= 6.2 x 106. The same analysis of 4.1t-Bu in the presence of PPh3 was also 
performed and resulted in similar findings. The couples [1F(MeCN)]+/2+ and 
[1F(PPh3)]
+/2+ differed by only 0.091 V. The insensitivity of the couple to the nature 
of the Lewis base suggests that the second oxidation was primarily on the 
amidophenolate ligand. 
 
 
Figure 4.7   Cyclic voltammogram of solution of 4.1F and PPh3 (black) vs 
Cp2Fe
0/+ and simulation (dashed blue). Conditions: CH2Cl2, 0.12 x 
10-3 M 4.1F, 0.24 mM PPh3, 0.2 M Bu4NBAr
F
4, and scan rate = 0.1 V 
s-1.  
4.5.   OI-LA Dissociation of CN 
The CV of 4.1t-BuCN in CH2Cl2 shows the effect anionic ligands had on the 
redox potential of the amidophenolate ligand. The first wave was found to be 
reversible as long as the potential was not scanned below –0.5 V cathodically. 
The stronger donor ligand, CN, caused the oxidation of the semi-quinone (E+/2+) 
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to be shifted 0.2 V cathodically compared to uncoordinated 4.1t-Bu while the 
addition of PPh3 shifts the E
+/2+ only 0.1 V cathodically. An interesting feature of 
the CV of 4.1t-BuCN was that the reduction of the complex was observed, and 
was irreversible, which was consistent with the observation that 4.1R did not 
bind Lewis acids. 
 
Scheme 4.1.   Proposed mechanism for the electrochemistry of 4.1t-BuCN. 
 
Figure 4.8   Cyclic-voltammogram of 4.1t-BuCN in CH2Cl2 with Bu4NPF6 
supporting electrolyte. The initial voltage sweep is shown in green 
and the second voltage sweep is shown in blue. 
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4.6.   Chronoamperometry 
The voltammogram of 4.1F and 4.1t-Bu were unaffected by the addition of 
H2 and DTBP. Chronoamperometry experiments showed a dependence on the 
presence of H2 and base. Chronoamperometry experiments were performed by 
setting the potentiostat to a desired voltage and measuring the current response 
over an amount of time. When the potential was set below the first oxidation 
wave (–0.150 V) there was no change in the current response whether H2 was 
present or not. At higher potentials, 0.06 V and 0.208 V the current response 
was greater when H2 was introduced.(Figure 4.9) The rate of H2 oxidation 
increased by <5% when the electrolysis was conducted at 0.208 V versus 0.06 
V (vs Fc+/0, ) and the reaction was unaffected by the addition of Hg. 
 
Figure 4.9   Chronoamperometry of 5.0 x 10-3 mM 1 in 10 mL CH2Cl2 in 0.05 mM 
Bu4NPF6, held at potentials of 300, 514, and 662 mV.  The charges 
shown in µC are calculated for t = 0 until t = 60 s. 
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4.7.   Digital Simulation Discussion 
Digital simulation methods predict experimental voltammograms using a 
substantial number of inputs, including scan rates, analyte concentrations, rate 
and equilibrium constants for homogeneous chemical reactions and 
heterogeneous electron transfer processes, diffusion coefficients, and additional 
parameters describing the kinetics of electron transfer (in the present case, the 
Butler-Volmer transfer coefficient).1 Some or all of these quantities may be 
employed as refinement parameters. Adjusting these parameters in successive 
cycles of least-squares minimization of experimental vs calculated iE lineshapes 
then established estimates for their “real” values. In some cases, attractive fits 
may be attained with multiple sets of parameter estimates. For this reason, care 
must be taken that the number of adjustable parameters was kept to a 
minimum, that each parameter was prevented from wandering beyond the range 
of physically meaningful values, and that a suitably large collection of data was 
used in the refinement, preferably covering a range of scan rates and 
concentrations. 
Due to the many variables associated with simulated the voltammogram 
the models presented here were best estimates of the data. The advantage to 
simulation was the ability to confirm the proposed EC mechanisms and to 
obtain some relative rates of chemical reactions. The simulation of the EC 
mechanism [4.1F]+ + PPh3 are shown in Figures 4.10. The overall behavior was in 
agreement with the actual data, however, the switch current and capacitance 
current did not match very well. The switch current and capacitance were both a 
function of the instrument and were not critical to the simulation as long as 
much meaningful physical data was used in the simulation, i.e. diffusion 
coefficients and concentrations 
The voltammogram of 4.1F in MeCN was simulated according to the 
mechanism and using the parameters shown in Scheme 4.2. With very similar 
parameters, we also simulated the CV for 4.1t-Bu in MeCN. The parameters 
E1
MeCN-F and E1
MeCN-Bu matched those observed directly for the couple [4.1F]0/+ and 
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[4.1t-Bu]0/+. The simulations indicate that affinities of both [4.1t-Bu]+ and [4.1F]+ for 
MeCN were low, consistent with the ease with which they can be desolvated 
(Chapter 3). The t-Bu derivative’s affinity was higher (10x higher) of the two, 
which was unexpected. For these simulations involving MeCN, it was 
unnecessary to include E3 and the fit was insensitive to Keq2.  
 
 
Figure 4.10   Cyclic voltammogram of 4.1F (bold) vs Cp2Fe0/+ and simulation 
(dashed blue). Conditions; CH3CN, 0.3 mM 4.1
F, 0.1 M Bu4NPF6, 
and scan rate = 0.1 V/s. 
 
Scheme 4.2.   Proposed EC mechanism for coordination of MeCN to [4.1F] 
4.1F
E[1]
[4.1F]+ + L
Keq[1]
kf[1]
kb[1]
[4.1F(L)]+
E[2]
reversable
[4.1F(L)]2+
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Figure 4.11   Cyclic voltammogram of 4.1F (bold) vs Cp2Fe0/+ and simulation 
(dashed blue). Conditions; CH3CN, 0.3 mM 4.1
F, 0.1 M Bu4NPF6, 
and scan rate = 0.1 V/s. 
 
  
Scheme 4.3.   Proposed ECEC mechanism for the reaction of MeCN with [4.1F]+ 
The simulation for the oxidation of 1F in the presence of PPh3 indicated a 
very high affinity (108 M-1) of [1F]+ for the phosphine. Because of this high affinity, 
the reduction of the adduct [1F(PPh3)]
+ was observable and the E1/2 for 
[1F(PPh3)]
+/0 was incorporated into the simulation (-0.984 V). The fit was quite 
sensitive to the rate of dissociation of PPh3 from [1
F(PPh3)]
+ and the associated 
equilibrium constant. The heterogeneous electron-transfer rate and symmetry 
parameter (!) were left at the default value of 1 x 105 cm s-1 and 0.5. The default 
symmetry parameter and electron-transfer rate values were consistent with the 
couples for [4.1F]+/0 and [4.1F]+/2+ having the observed ic/ia = ~1 for scan rates 
0.025 to 5 V/s.13 The diffusion coefficients were adjusted to be proportional to 
the slopes of the (linear) plots of ip vs "
1/2, and electrochemically coupled species 
4.1F
E[1]
[4.1F]+ + L
Keq[1]
kf[1]
kb[1]
[4.1F(L)]+
E[2]
reversable
[4.1F(L)]2+
Keq[2]
kf[2]
kb[2]
decomp
L = MeCN
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(e.g. 4.1F and [4.1F]+) were given the same diffusion coefficients of 4.533 x 10-5 
cm2 s-1.14 The diffusion coefficient of Cp2Fe in MeCN is 2.37 x 10
-5 cm2 s-1.15  
 
 
Figure 4.12   Cyclic voltammogram of 4.1F + PPh3 (bold) vs Cp2Fe0/+ and 
simulation (dashed blue). Conditions; CH2Cl2, 0.12 mM 4.1
F, 0.2 
mM PPh3, 0.2 M Bu4NPF6, and scan rate = 0.5 V/s. 
 
 
Scheme 4.4.   Proposed ECEC mechanism for coordination of PPh3 to [4.1F]+.\ 
4.8.   Conclusion 
The electrochemistry of complexes containing amidophenolates was a 
critical tool to understanding the mechanism of OI-LA. The digital simulation of 
voltammograms was a useful tool in building mechanisms of EC processes. 
4.1F
E[1]
[4.1F]+ +
Keq[1]
kf[1]
kb[1]
[4.1F(P)]+
E[2]
reversable
[4.1F(P)]2+
Keq[2]
kf[2]
kb[2]
P
E[3]
[4.1F(P)]
+ P
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Overall electrochemistry has proven invaluable in developing a full mechanistic 
picture by which complexes containing redox active ligands behave.  
4.9.   Experimental  
Cyclic voltammetry (CV) was obtained using a BAS CV-50W voltammetric 
analyzer.  The CV conditions were 0.1 M of supporting electrolyte, glassy carbon 
working electrode, Ag/AgCl reference electrode, Pt wire counter electrode, and 
an analyte concentration 10-3 M unless otherwise noted.  Simulations employed 
DigiSim 3.05 software (BAS, West Lafayette, IN).  
Oxidation of 4.1F and 4.1t-Bu in presence of MeCN and PPh3. To a 20 
mL scintillation vial was added a solution of 4.1F (8.5 mg, 0.0123 mmol) in 
CH2Cl2/0.1 M Bu4NPF6 (10 mL) and in a separate vial a solution of 18.1 mM PPh3 
in CH2Cl2/0.1 M Bu4NPF6 was prepared. Both solutions were sparged with 
CH2Cl2-saturated N2. Similarly the electrochemistry of 0.12 mM 4.1
F (0.24 mM 
4.1t-Bu) in 0.1 M Bu4NPF6/MeCN was made and sparged with MeCN-saturated 
N2.  
Before each electrochemical experiment, the working electrode was 
polished using alumina,16 and the reaction solution was briefly sparged with N2. 
The electrochemical experiment was performed by the addition of varying equiv 
of the PPh3 solution at a scan rate of 0.1 V/s. The final scan was performed after 
the addition of ~10 mg of Cp2Fe as an internal standard.  
Digital Simulations. DigiSim version 3.03b was used for digital 
simulations and nonlinear least-squares refinement of models against 
experimental data.17 Voltammograms were collected using a pre-equilibration 
time of 10 s, sufficient to establish prescan conditions of near-zero current, and 
pre-equilibrium was enabled for all refinements. Nonzero double-layer 
capacitance (Cdl) values did not appreciably improve refinement results, so Cdl = 
0 was used for all refinements. A reasonable estimate for ! (600 !) was 
determined by manual iteration of the experimentally determined !. 
Concentration-dependent data (10 V/s) were used to screen initial parameter 
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estimates and establish the basic features of the refinement model. During the 
development of the model, parameterizations of diffusion coefficients for 
Cp*Ir(tBAFPh)0/+/2+ and Cp*Ir(tBAFPh)(L)+/2+ produced by using the slope obtained 
from the Cottrell plots. The relative diffusion coefficient values were then 
employed for all complexes in subsequent refinements. Self-diffusion of 
acetonitrile was taken as 4.35 cm2/s.18. Butler-Volmer transfer coefficients ! 
were set to 0.5.19 
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Scheme 4.5.   Parameters used in simulation of voltammograms of 4.1F and 
4.1t-Bu in the presence of PPh3 and in MeCN. Conditions for 4.1
R 
+ MeCN (R = F, t-Bu): MeCN, 0.2 mM 4.1R, 0.20 M Bu4NPF6 and 
scan rate = 0.1 V/s. Condition for 4.1F + PPh3: CH2Cl2, 0.12 mM 
4.1F, 0.2 M Bu4NBAr
F
4, and scan rate = 0.1 V/s.  
4.1R
E[1]MeCN-F = -0.0070
E[1]MeCN-t-Bu = -0.114
E[1]PPh3-F = -0.093
[4.1R]+ + e-
[4.1R]+
First Oxidation:
Association of L:
+ L
kf[1]MeCN-F = 3.97 x 104 s-1
kf[1]MeCN-t-Bu = 7.47 x 105 s-1
kf[1]PPh3-F = 1.0 x 105 s-1
Forward rate:
Keq[1]MeCN-F = 3.97 x 104
Keq[1]MeCN-t-Bu = 7.47 x 105
Keq[1]PPh3-F = 1.0 x 105
Equilib. Constant:
[4.1R(L)]+
[4.1R(L)]+
E[2]MeCN-F = 0.103
E[2]MeCN-t-Bu = -0.070
E[2]PPh3-F = 0.278
Second Oxidation:
[4.1R(L)]+ + e-
[4.1R(L)]+
Reduction:
E[3]PPh3-F = -0.984
[4.1R(L)]+ e-
Dissociation of L:
[4.1R(L)]
kf[2]PPh3-F = 1.0 x 103 s-1
Keq[2]PPh3-F = 6.2 x 106
4.1R + L
4.1R [4.1R]+ + e-
L
[4.1R(L)]+ [4.1R(L)]2++ e-
[4.1R(L)]
+ e-
+ L
1st ox 2nd ox
association
dissociation
red
Proposed Mechanism:
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Table 4.2.   Summary of Diffusion Coefficients Used in Digital Simulations.  
 D0 [4.1
R] (cm2 s-1) D0 [4.1
R(L)]+ (cm2 s-1) D0 [4.1
R(L)] (cm2 s-1) 
4.1F, L= MeCN 4.533 x 10-5 3.681 x 10-5 N/A 
4.1t-Bu, L= MeCN 6.465 x 10-5 5.285 x 10-5 N/A 
4.1F, L= PPh3 4.715 x 10
-5  4.230 x 10-5  3.535 x 10-5  
Table 4.3.   Summary of Electrochemical Results for 1t-Bu 
  E1/2 (mV) !E (mV) Kdisp 
1) Bu4NBF4 in CH2Cl2 -90 76 2.29E-01 
  -14   
2) Bu4NPF6 in CH2Cl2 -15 175 3.37E-02 
  160   
3) Bu4NPF6 in C2H4Cl2 19 0 1.00E+00 
4) Bu4NPF6 in THF -50.5 137.5 9.93E-01 
  87   
5) Bu4NBAr
F
4 in CH2Cl2 -261.5 201.5 2.02E-02 
  60   
6) Bu4NBAr
F
4 in THF -7 0 1.00E+00 
7) Bu4NBAr
F
4 in Ether -29 345 1.25E-03 
  316   
8) Bu4NOTf in CH2Cl2 -63 0 1.00E+00 
Table 4.4.   Summary of Electrochemical Results for 2.1F. 
  E1/2 (mV) !E (mV) Kdisp 
1) Bu4NBF4 in CH2Cl2 19 143 6.26E-02 
  162   
2) Bu4NPF6 in CH2Cl2 50 305 2.71E-03 
  355   
3) Bu4NPF6 in C2H4Cl2 60 157 4.78E-02 
  217   
4) Bu4NPF6 in THF 246 0 1.00E+00 
5) Bu4NBAr
F
4 in CH2Cl2 5 317 2.15E-03 
  322   
6) Bu4NBAr
F
4 in THF 166 330 1.67E-03 
  496   
7) Bu4NBAr
F
4 in Ether 81 276 4.76E-03 
  357   
8) Bu4NOTf in CH2Cl2 89.5 0 1.00E+00 
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Figure 4.13   Cottrell plot of 0/+ couple ia (diamonds) and ic (squares) vs !1/2.  
Where ! is the scan rate (V s-1). Conditions: MeCN solvent, 0.5 mM 
4.1F, 0.1 M Bu4NPF6, and scan rates = 0.01, 0.025, 0.05, 0.1, 0.2, 
0.5, 1.0, 2.0, 3.0, 4.0, 5.0 V/s. 
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Chapter 5.   Proton-Enhanced Lewis Acidity of Iridium 
Complexes Containing Redox-Active Amidophenolates 
5.1.   Introduction 
Metal-amido and the protonated metal-amino have attracted much 
attention in recent years due to their role in transfer and direct hydrogenation 
catalysts.1 The protonation of an amido group is critical to Noyori type transfer 
hydrogenation (TH) catalyst, which enantioselectively hydrogenates ketones and 
imines.2, 3 Addition of H2 to the metal-amido complexes results in H2-cleavage, 
wherein the proton transfers to the basic amido group and the hydride goes to 
the metal. The heterolytic cleavage of H2 by metal-amido groups is an important 
step in the activation of H2 for direct hydrogenation. The coordination chemistry 
by which amino-amido group activates H2 is not as extensively studied. The 
amino-amido species represent an interesting and unusual organometallic Lewis 
acid.4, 5  
The coordinatively unsaturated, 16e–, metal-amido, M-NR2 is less reactive 
towards Lewis base substrates; protonation of the amido group increases the 
reactivity towards Lewis bases. Upon protonation, the metal-amino M-NHR2
+, 
becomes Lewis acidic and binds a variety of substrates including H2.
6, 7 The 
neutral Cp*Ir(TsDPEN) is slow to react with H2 and our group findings indicates 
that the addition of catalytic H+ allows for the rapid addition of H2 forming 
Cp*IrH(TsDPEN-H). The amido group is a good !-donor, which stabilizes 
unsaturated 16 e- complexes. Protonation disrupts the !-orbital and switches off 
the donor ability, which makes the 16e- metal center more acidic and reacts 
readily with substrates (Scheme 5.1).  
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Scheme 5.1.   Proton-induced Lewis acidity (PI-LA) versus oxidation-induced 
Lewis acidity (OI-LA) of a 16e metal complex.  
 In order to further develop and understand the H2-oxidation catalyst 
discussed in previously chapter, the protonation of the complex Cp*Ir(tAP), 
where tAP2- was the 3,5-di-tert-butylamidophenolate, was examined. The two 
ligands discussed here were the o-trifluoromethylanaline (tBAFPh)2- and tert-
butylamine (tBAt-Bu)2- derivatives of the aminophenol ligand, H2
tAP. The 
amidophenolate ligands have been previously used in TH catalyst, however, the 
rates of TH are particularly slow as compared with the TsDPEN ligands.8 The 
reaction and properties associated with the protonation of Cp*Ir complexes of 
the amidophenolates 2-tert-butylamino-4,6-di-tert-butylphenol (H2
tBAtBu) and 2-
(2-trifluoromethyl)amino-4,6-di-tert-butylphenol (H2
tBAFPh) are discussed. The 
16e– complexes, Cp*Ir(tBAt-Bu) 5.1 and Cp*Ir(tBAFPh) 5.2, were protonated and 
characterized by NMR, IR, UV-Vis and crystallographically and the reactivity with 
Lewis bases was investigated.  
5.2.   Protonation of 5.1 
A solution of 5.1 in CH2Cl2 was quantitatively protonated by the etherate 
of HBF4. The complex [5.1H]BF4 was isolated as an analytically pure brown 
solid. Although solutions of [5.1H]BF4 in CD2Cl2 decomposed at room 
temperature over the course of a day, solutions of [5.1H]BArF4 in CD3CN were 
found to be quite stable, up to a week. These observations suggested that the 
association of the anion resulted in degradation. Solutions of [1H]BF4 in MeCN 
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were found to be stable, however, the UV-Vis, IR, and 1H-NMR spectrum 
indicated that the acetonitrile had coordinated to the complex. Evaporation of 
these solutions produced analytically pure salt, [1H(MeCN)]BF4. Using a series of 
standard bases and monitoring by UV-Vis the pKa(MeCN) of [1H(MeCN)]
+ was 
found to be 13.19 ± 0.20, See Appendix A (Scheme 5.2).  
 
Scheme 5.2.   Equilibrium between protonated and deprotonated (pKa) and L 
dissociation (L = MeCN) 
 
 
Figure 5.1   UV-vis spectra of a 2.03 x 10–4 M MeCN solution of 5.1 (red) treated 
with 0.37 (green), 0.75 (blue), 1.11 (purple) equiv of HBF4 etherate 
in MeCN solution. Small deviations from isobestic behavior were 
due to dilution by the titrated acid solution. 
The acidic proton in [5.1H]+ could be two possible sites, N or O, and the 
N-protonation has a possible two diastereomers, i.e. the R-group was cis or 
trans to the iridium center. The 1H- and 19F-NMR spectra of the isolated 
[5.1H]BF4 indicated the presence of a single diastereomer. The signal at ! 7.49 
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had a width at half-height (w1/2h) of 10 Hz over a temperature range of 20 to –60 
ºC in CD2Cl2. The temperature independence of the peak width was consistent 
with the assignment of this signal to N-H, which resulted from quadropolar 
coupling of the proton with 14N, as well as rapid proton exchange. 9 
 
Figure 5.2   1H-NMR spectrum of [5.1H]BF4 in CD2Cl2. 
The treatment of 5.1 with HBF4 etherate was monitored by 
1H-NMR 
spectroscopy. After a 2 minutes of reaction time, two diastereomeric derivatives 
were observed in a 5:1 ratio. The major diastereomer was consistent with 
observed 1H-NMR spectrum of [5.1H]BF4. The minor product features a broad 
peak ! 7.41. Upon cooling the sample to -60 ºC, the signal at ! 7.41 sharpened. 
After 2 h at room temperature, the mixture had fully converted to the major 
diasteromer. The peak sharpening for the second isomer was consistent with 
O-protonation.9  
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Scheme 5.3.   Equilibrium between possible sites of protonation   
The molecular structure of [5.1H]BF4 was determined crystallography. The 
cation [5.1H]BF4 exhibited a pentacoordinate iridium center with a pyramidalized 
nitrogen. The phenylene backbone was distored, the angle between the plane of 
the phenylene backbone and the Cp* was 60º. The angle between the 
phenylene backbone and the Cp* planes for the previously discussed 
complexes Cp*Ir(tBAFPh) and the radical cation [Cp*Ir(tBAFPh)]BArF4 were 87.7º 
and 83.4º respectively. (2.1F and [2.1F]BArF4) The coordination geometry around 
nitrogen was tetrahedrally distorted, in contrast to other Cp*Ir-amidophenolates. 
The crystal structure contained a contact between NH and one fluoride in BF4
–, 
d(NH–F) = 2.13(34) Å, consistent with a hydrogen-bond. The Ir-O bond length of 
1.965(18) Å was essentially unchanged in comparison with related Cp*Ir-
amidophenolates, (2.1F, 2.2F and 2.3F) The d(Ir-N) in [5.1H]BF4 was 2.14(21) Å, 
which was ~10% longer than the d(Ir-N) for the neutral Cp*Ir-amidophenolates, 
i.e. 1.99(8) Å (2.1F, 2.2F and 2.3F). The d(Ir-N) in [5.1H]BF4 was consistent with a 
bond between Ir(III) and an amine. In contrast, the average iridium-amido bond 
d(Ir-NR2) = 2.069 ± 0.048 Å.
10-12 Bond distances within the amidophenolate 
ligand were unaltered by protonation with d(C-O) = 1.36(31) Å and 
d(N-C) = 1.46(32) Å and the phenylene backbone had an average 
d(C-C) = 1.39 Å, d(C11-C12) = 1.388(4), d(C12-C13) = 1.382(4), d(C13-C14) = 
1.393(4), d(C14-C15) = 1.393(4), d(C15-C16) = 1.401(4), d(C11-C16) = 1.405(4) 
which was consistent with the analogous neutral complexes 2.1F, 2.2F and 2.3F. 
The lack of bond alternation and the diamagnetic nature of [5.1H]BF4 was 
consistent with an aromatic phenylene backbone. A semiquinoidal or quinoidal 
structure would be paramagnetic or have significant bond alternation 
respectively. 13, 14 
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Figure 5.3   The molecular structure of [5.1H]BF4. Hydrogen atoms (except for 
the NH) were removed for clarity and thermal ellipsoids are shown 
at 50% probability. 
5.3.   Protonated Hydride, 5.1H(H)  
Treatment of solutions of [5.1H]+ with NaBH4 did not result in 
deprotonation, as might be expected, but gave a new hydrido derivative as 
indicated by a new upfield signal in 1H-NMR spectrum. The complex 5.1H(H) 
was also prepared by treating a methanolic solution of 5.1 with NaBH4, in which 
case the proton derives from the solvent. Although 5.1H(H) was formally the 
result of heterolytic addition of H2 to 5.1, no reaction was observed between 5.1 
and H2 (1 atm) over the course of a week. The reaction of the 1
 with NH3BH3 
resulted in the complete formation of 5.1H(H) in about 10 min.  
Crystallographic analysis confirmed that 5.1H(H) was pseudooctahedral. 
The N-H bond and Ir-H bonds were mutually trans (Figure 5.3). The nitrogen was 
pyramidalized far more than [5.1H]BF4, the angle between the phenylene-
backbone and Cp* was 11.7º. The crystallographic analysis of 5.1H(H) revealed 
a NH—NCMe hydrogen bond of 2.52(6) Å, between the cocrystallized MeCN 
and 5.1H(H) (Figure 5.3) which may account for the stability of 5.1H(H) in MeCN. 
A sample of the crystals used for X-ray analysis were redissolved in d3-MeCN 
and the 1H-NMR spectrum contained signals consistent with the hydride (!  –
 96 
8.77) and the peak at ! 5.45 with a w1/2h = 8 Hz, which we attribute to the N-H 
proton. The cocrystallized MeCN and hydrogen bonding imparted stability of the 
hydride complex. Solutions of 5.1H(H) in CD2Cl2 were unstable and formed a 
complex mixture of products with in 2 min of mixing.  
 
 
Figure 5.4   The molecular structure of 5.1H(H) co-crystallized with MeCN as 
determined by X-ray crystallography, thermal ellipsoids shown at 
50% probability, hydrogen atoms (except N-H and Ir-H) were 
omitted for clarity. 
5.4.   Reactivity of 5.1H+ with H2 
The similarity of 5.1 and the hydrogenation catalyst Cp*Ir(TsDPEN) 
prompted us to investigate the reaction of [1H]BF4 with H2.
153 A solution of 
[5.1H]BF4 in CD2Cl2 was charged with H2 (1 atm) which resulted in the rapid 
formation (time < 2 min) of [Cp*2Ir2H3]
+. Attempts to hydrogenate 5.1 with a 
catalytic amount of [5.1H]+ under H2 resulted in the formation of a small amount 
of trihydride and a corresponding equivalent of free ligand (Figure 5.4). These 
data indicated that intramolecular hydrogenolysis of [1H]+ was faster than 
intermolecular hydrogenation. 
5.1 + H2 —> 5.1(H)H (no reaction) 
5.1 + cat. 1H+ + H2 —> 0.5 cat. Cp*2Ir2H3
+ + cat. H2
tBAt-Bu + 5.1 
5.1H+ + H2 —> 0.5 Cp*2Ir2H3
+
 + H2
tBAt-Bu 
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5.5.   Coordination of CO to [5.1H]+  
Unlike 5.1, [5.1H]BF4 formed adducts with Lewis bases. The 
carbonylation of [5.1H]BF4 proved to be particularly interesting. Addition of CO 
to a solution of [5.1H]BF4 in CH2Cl2 was monitored in situ by IR and 
1H-NMR 
spectroscopy. Two CO adducts were detected with !CO = 2073 and 2041 cm
-1. 
The two bands appeared in nearly equal intensity initially, but after 3 min, the 
lower energy band at 2041 cm-1 became predominant (Figure 5.5 and 5.6). 
Addition of triethylamine to a solution of [5.1H(CO)]BF4 resulted in the formation 
of 5.1. A solution of [5.1H]BF4 in CD2Cl2 was exposed to excess CO, the 
resulting 1H-NMR spectrum was recorded after about 1 min, the spectrum 
contained signals consistent with two diasteromers, after ~1 h, only a single 
diasteromer was detected (Figure 5.7).  
 
Figure 5.5   In situ IR spectrum of the protonation of 5.1 with HBF4 etherate in 
the presence of CO. Room-temperature, CH2Cl2, data was 
collected for 600 s at 6 s intervals. 
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Figure 5.6   Absorbance at 2041 and 2073 cm-1 of a CO-saturated solution of 
5.1 in CH2Cl2 after addition of 51% HBF4 etherate (1 equiv.). The 
acid was added at the 40 s mark. 
 
Figure 5.7   1H-NMR spectrum of 5.1H+ + CO in CD2Cl2 after 1 min. 
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Figure 5.8   1H-NMR spectrum of [5.1H(CO)]BF4 in d3-MeCN  
5.6.   Electrochemistry of [5.1H]+  
The electrochemical behavior or 5.1 in MeCN exhibited two reversible 
one-electron oxidation peaks. Upon addition of HBF4 etherate, the redox peaks 
shifted substantially and became irreversible. 
 
Figure 5.9   CV of 0.1 mM 5.1 (red) and [5.1H]+ (black) in CH2Cl2 with 0.1 M 
Bu4NPF6 
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5.7.   Protonation of 5.2  
In contrast to [5.1H(NCMe)]+, [5.2H(NCMe)]+ was a stronger acid. Its 
pKa
MeCN was estimated to be <–4 based on the finding that protonation of 5.2 
was only achieved with H(Et2O)2BAr
F
4, in MeCN.
16 The 19F- and 1H-NMR spectra 
of [5.2H(NCMe)]BF4 and [5.2H(NCMe)]BAr
F
4 in CD2Cl2 at a range of 20º to –80ºC 
contained signals consistent with multiple products. The 19F- and 1H-NMR 
spectra of [5.2H]BF4 in THF differed, in that it was somewhat less complicated. 
At room temperature the 19F-NMR spectrum contained a broad peak at –61 ppm 
consistent with the –CF3 group on the ligand, and a peak at –152 ppm, 
consistent with BF4
–, and a new signal at –158 (sh), and –197 (br). The 1H-NMR 
spectrum at room temperature contains several new broad peaks. The peak at ! 
–197 began to coalesce at a temperature around –20 ºC with full coalescence at 
–50 ºC, consistent with a dynamic process. The 1H- and 19F-NMR spectrum of 
[5.2H]BF4 at –80 ºC contained sharp peaks, the 
19F-NMR spectrum features a 
doublet with JHF coupling between a single fluorine, relative to the –CF3 group on 
the ligand, and a proton. The 19F-NMR spectrum at –80 ºC contained signals for 
free BF4
- (s, ! –152) and has a doublet at –192 (2, JH-F = 183 Hz) and a singlet at 
–158 (3F), with a 1:6 ratio of free BF4 to new product (Figure 5.7). This data is 
consistent with an equilibrium constant between free BF4
– and fluoride 
abstraction K= 0.166 at –80ºC, "Gº = 0.687 kcal/mol (Scheme 5.4). This 
behavior was unobserved for [5.2H]BArF4 
 
 
Scheme 5.4.   Fluoride abstraction from BF4- using 5.2H+  
N
O
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PhF H +
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F
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Figure 5.10   19F-NMR spectra of 5.2 in d8-THF at various temperatures 
indicated on the spectrum.  
5.8.   Coordination of PMe3 and CO to 5.2H+  
Protonation of 5.2 in MeCN could only be achieved by strong acids 
H(Et2O)2BAr
F
4 (pKa ~ -4) and the conjugate acid was only stable in the presence 
of Lewis bases such as PMe3 and CO. 
Addition of PMe3 to a CD2Cl2 solution of [5.2H]
+ gave [5.2H(PMe3)]BAr
F
4. 
1H-, 19F-, and 31P-NMR analysis of this yellow colored material indicated the 
presence of multiple complexes in solution which maybe a result of dynamic 
equilibrium or multiple isomers. A sample of [5.2H(PMe3)]BAr
F
4 was crystallized 
and an molecular structure was obtained crystallographically. The molecular 
structure of [5.2H(PMe3)]BAr
F
4 showed that [5.2H(PMe3)]BAr
F
4 generally 
resembled the structure of 5.1H(H), except that the added proton was located 
on O instead of N (Figure 5.8). The nitrogen center was planar with the sum of 
the angles around the nitrogen of 359º and the angle between the planes of the 
phenylene backbone and the Cp* was 57.5º, which was consistent with the 
ligand displacement in the quinoidal structure [Cp*Ir(tBAFPh)(MeCN)](OTf)2 
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([2.1F(MeCN)]OTf2). The d(Ir1-O1) = 2.079(6)Å was 0.090 Å longer than in 5.2, 
consistent with a Ir-O(H)R bond.10-12 The neutral complex 5.2 did not bind PMe3. 
The lack of bond alternation was also inconsistent with the quinoidal structure. 
 
Figure 5.11   The molecular structure of [5.2H(PMe3)]BArF4 as determined by X-
ray crystallography, thermal ellipsoids shown at 50% probability, 
hydrogen atoms and BArF4
- were omitted for clarity. 
The 19F- and 1H-NMR spectrum of [5.2H(CO)]BArF4 consisted of broad 
signals at room temperature that sharpen at –50 ºC (Figure 5.x). The IR 
spectrum of [2H(CO)]+ in CH2Cl2 displays two !CO bands of roughly equal 
intensity at !CO = 2057, 2063 cm
-1. The IR spectrum was monitored in situ, the 
resulting carbonylation of [5.2H]+ was similar in behavior to that of [1H]+. The 
isomer with the higher frequency !CO= 2057 cm
-1 formed initially. In contrast with 
the [5.1H(CO)]+ system, both isomers of [5.2H(CO)]+, 5.2’H(CO)+ and 5.2’’H(CO)+, 
coexisted with a Keq ~ 0.7.  
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Figure 5.12   In situ IR spectrum of the protonation of 5.2 with HBF4 etherate in 
the presence of CO. Room-temperature, CH2Cl2, data was 
collected for 600 s at 6 s intervals. 
 
Figure 5.13   Absorbance at 2057 and 2063 cm-1 of a CO-saturated solution of 
5.2 in CH2Cl2 after addition of 51% HBF4 etherate (1 equiv.). The 
acid was added at the 30 s mark. 
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5.9.   Equilibrium between 5.2H+ and MeCN 
A solution of [5.2H(MeCN)]+ in CD2Cl2 appears to contain one major 
isomer at room temperature, however, the signals were broad consistent with 
the proposed dynamic behavior of [5.2H(L)]+ previously discussed. Based on 
1H-NMR analysis, CD3CN solutions of [5.2H]BAr
F
4 consisted of two isomers as 
well as the free base 5.2 (Figure 5.14). The Cp* signal at 1.64 ppm was broad 
(full width at half height (w1/2h) is 5 Hz) compared to the signals at 1.73 and 1.66 
(w1/2h = 0.6 and 0.5 Hz). Cooling the sample to -10 ºC resulted in the signal at 
1.64 to sharpen (w1/2h = 3 Hz). The Cp* signal at 1.66 was consistent with the 
neutral complex 5.2 in CD3CN. The signals at 1.73 and 1.64 were assigned to 
the two possible sites of protonation (5.2’H(MeCN)+ and 5.2’’H(MeCN)+) similar 
to those observed for [5.2H(CO)]+ (Table 5.1). The association of acetonitrile (K = 
0.376) to 5.2H+ was determined by the concentration relative to an internal 
standard of the three species observed in the 1H-NMR (Eq 5.1). The equilibrium 
constant between the two species was 0.815 which wass similar to the 
equilibrium constant for 5.2’H(CO)+ and 5.2’’H(CO)+.  
5.2 + H+ ! [5.2’H(MeCN)+ ! 5.2’’H(MeCN)+] Eq. 5.1 
Table 5.1.   1H-NMR Signals and Integrations of 5.2H+ in CD3CN 
 
5.2’H(MeCN)+ Signal (ppm) Integration  
Cp* 1.73 5.81 
tbu 1.098 3.69 
tbu 1.459 3.69 
   5.2’’H(MeCN)+ 
  Cp* 1.644 8.62 
tbu 1.39 5.05 
tbu 1.231 5.29 
   5.2 
  Cp* 1.662 13.55 
t-bu 1.47 7.33 
t-bu 1.078 7.36 
* integrations are relative to 100 integration units for the 
methyl groups (3.67 ppm) on trimethyoxybenzene (5 mg)  
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Figure 5.14   1H-NMR spectrum of [2H(MeCN)]BArF4 in CD2Cl2 
5.10.   Conclusion  
The change of 17 pKa units is dramatic, however, such large changes in 
pKa scale is common in MeCN. For example, the pKa
MeCN’s of PhNH3
+ and 4-
O2NC6H4NH3
+ are 10.7 and 2.8, respectively.17  
Ligand based oxidation enhanced Lewis acidity of these complexes. The 
oxidized samples of [5.1(NCMe)]+ lost MeCN readily. In contrast, the salt 
[5.1(NCMe)]BF4 was robust. Upon oxidation, the metal center became more 
Lewis acidic and bound MeCN, through a series of electrochemical techniques 
including simulation, the equilibrium constant for the association of MeCN to 
5.2+ is 11.9 (oxidized). The equilibrium constant for the association of MeCN to 
5.2H+ is 0.37 (protonation).  
A thermodynamic comparison of the pKa and the reduction peak for 5.1 
and 5.2  was performed Eq 5.2 and Eq 5.3.18 For complex 5.1 the reduction and 
protonation appeared to have a similar effect, while for complex 5.2 the 
difference was dramatic. The pKa difference between 5.1 and 5.2 was nearly 17 
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pKa which is reflected in the ~20 kcal differences, the result of ligand centered 
redox was subtle, only about 1 kcal difference.  
 
  
The higher energy band, 2073 cm-1, a result of a less electron rich metal 
center and was the kinetic site of protonation. The proposed kinetic site of 
protonation to be the O-atom. O-protonation would result in a minor change in 
rearrangement of the ligand geometry which resulted in a lower energy barrier. 
The lower energy band, 2041 cm-1, was the thermodynamic site of protonation. 
The protonation of the N-atom results in a significant rearrangement of the 
ligand geometry, but results in a more electron rich metal center (Scheme 5.5). 
 
Scheme 5.5.   Proposed kinetic and thermodynamic site or protonation.  
5.11.   Experimental 
[Cp*IrHtBAt-Bu]BF4 ([5.1H]BF4). A ethereal solution of HBF4 (14 µL, 51% in 
Et2O, 83 µmol) was added to a solution of 5.1 (50 mg, 83 µmol) in Et2O (15 mL). 
The solution color changed from orange to dark brown upon addition of the 
HBF4 and a precipitate form. After 1 h, the red-brown precipitate was isolated 
via filtration. The resulting solid was washed with Et2O (10 mL) and hexanes (2 x 
5.1(MeCN)+ + e–
5.1H(MeCN)+
5.1
5.1 + H+
+ MeCN
+ MeCN
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N
O
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+
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H
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10 mL). The resulting brown powder was crystallized by dissolution in CH2Cl2 (1 
mL) followed by over-layering with hexanes (7 mL). Yield: 42 mg (84%). 1H-NMR 
(CD2Cl2, !): 1.23 (s, 9H), 1.37 (s, 9H), 1.42 (s, 9H), 1.71 (s, 15H), 7.05 (s, 1H), 7.11 
(s, 1H), 7.42 (br). Anal. Calcd for C29H44BF4IrNO (Found): C 48.16 (47.17), H 6.43 
(6.40), N 2.03 (2.58).  
[Cp*IrHtBAt-Bu(NCMe)]BF4 ([5.1H(MeCN)]BF4). An ethereal solution of 
HBF4 (14 µL, 51% in Et2O, 83 µmol) was added to a solution of 5.1 (50 mg, 83 
µmol) in Et2O (15 mL). The solution color changed from orange to brown and 
precipitate began to form. The precipitate was isolated via filtration. The solid 
was washed with ether (10 mL) and the solid was extracted into MeCN (1 mL), 
upon addition of MeCN the brown solid change to a bright yellow solution. The 
reaction solution was stirred for 1 h at which point ether (10 mL) was added 
resulting in the formation of a bright yellow precipitate. The yellow solid was 
washed with Et2O (10 mL) and hexanes (2 x 10 mL). Yield: 27 mg (44%). 
1H-
NMR (CD2Cl2, !): 1.24 (s, 9H), 1.38 (s, 9H), 1.42 (s, 9H), 1.69 (s, 15H), 1.82 (s, 
3H), 7.05 (d, 1H), 7.06 (d, 1H), 7.13 (br, 1H). UV-Vis (CH2Cl2) "max, nm (#): 494 
(1673). Anal. Calcd for C30H48BF4IrN2O (Found): C, 49.24 (47.37); H, 6.61 (6.46); N 
3.83 (3.77). 
[Cp*IrHtBAF(NCMe)]BArF4 ([5.2H(MeCN)]BAr
F
4). A solution of 
H(OEt2)2BAr
F
4 (73 mg, 72 µmol) in Et2O (5 mL) was slowly added to a solution of 
5.2 (50 mg, 72 µmol) in Et2O (10 mL). The reaction solution color changed from 
orange to brown upon addition of H(OEt2)2BAr
F
4. The reaction solution was 
evaporated to yield a brown oil. The brown oil was dissolved in MeCN (2 mL) 
followed by evaporation. The resulting yellow solid was dissolved in Et2O (10 
mL) and pentane (10 mL) was added to afford a yellow solid, which was 
collected via filtration. Yield 100 mg (90%). Anal. Calcd. For C63H52BF27IrNO 
(found) C, 48.91 (48.66); H, 3.47 (3.37); N, 1.76 (2.11) 
[Cp*IrHtBAt-Bu(CO)]BF4 ([5.1H(CO)]BF4). A solution of 1 (50 mg, 83 µmol) 
in CH2Cl2 (15 mL) was sparged with CO and an ethereal solution of HBF4 (14 µL, 
51% in Et2O, 83 µmol) was added. The reaction solution color changed from 
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orange to yellow upon addition of HBF4. The CO was bubbled through the 
reaction solution for 2 min after which the solvent was evaporated to ~1 mL 
followed by the addition of ether (10 mL) to precipitate a dull orange solid. The 
resulting solid was isolated via filtration and crystallized by extracting the solid 
into CH2Cl2 (1 mL) and layering with Et2O (5 mL). Yeild: 35 mg (58%). 
1H-NMR 
(CD3CN, !): 1.25 (s, 9H), 1.28 (s, 9H), 1.34 (s, 9H), 1.74 (s, 15H), 5.87 (s, 1H), 
6.97 (d, 1H), 7.00 (d, 1H). IR (cm-1): 2041 (vs). Anal. Calcd for C29H43IrNO(CO)BF4 
C 49.95 (50.55), H 5.94, (6.01), 1.92 (2.33). vCO
 = 2041 cm-1 
[Cp*IrHtBAF(CO)]BArF4 ([5.2H(CO)]
+). A solution of [5.2H(MeCN)]BArF4 (24 
mg, 0.015 mmol) in MeCN (5 mL) was sparged with CO gas for 5 min. The 
yellow solution color changed to a dull orange. The reaction solution was 
evaporated to yield an orange solid which was dissolved in Et2O (10 mL) and 
pentane (10 mL) was added to afford a yellow solid, which was collected via 
filtration. Calcd. for C63H50BF27NO2(Et2O)2 C 55.91 (55.14), H 4.63 (4.61), N 0.91 
(1.52). vco = 2057, 2063 cm
-1 
[Cp*Ir(HtBAF)(PMe3)]BAr
F
4 ([5.2H(PMe3)]
+). A solution of 
[5.2H(MeCN)]BArF4 (24 mg, 1.65 µM) in MeCN (5 mL) was treated with PMe3 (~ 
10 µL) was added via syringe. The reaction solution was stirred for 10 min and 
ether (20 mL) was added to afford a yellow solid. The solid was isolated via 
filtration and washed with pentane (20 mL) and dried overnight under vaccuum. 
Anal. Calcd for C66H61BF27IrNOP(Et2O)2 (found): C, 49.95 (50.11); H, 4.59 (4.55); 
N, 0.79 (1.21). 31P-NMR -49, -56, and -60 ppm. 
pKa Determinations. A stock solution of [5.1H(MeCN)]BF4 (4 mg, 0.547 
µmol) in CH3CN (20 mL) was made. A UV-Vis sample of the stock solution was 
made (2 mL) and stock 2,6 lutidine (0.1 mL, 0.5 mM). The progress of the 
reaction could be monitored by UV-Vis spectroscopy by the diminution of the 
peak at 454 nm and the growth of the peak at 315 nm. Full arithmetic can be 
found in the Supporting Information. The pKa of the very weak acid [2H]+ was 
not determined; it is only partially protonated by one equiv of HBF4 (Et2O soln).  
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Cp*Ir(HtBAt-Bu)(H) (5.1H(H)). A solution of NH3BH3 (3.3 mg, 0.107 mmol) in 
MeCN (10 mL) was added to a solution of 5.1 (64.4 mg, 0.107 mmol) in MeCN 
(20 mL). Over the course of 2 h, the reaction solution color changed from deep 
orange to light yellow. The progress of the reaction could be monitored by UV-
Vis spectroscopy by the diminuation of the peak at 454 nm and the growth of 
the peak at 315 nm. The MeCN was removed under reduced pressure, and the 
solids were extracted into minimal MeCN and cooled to –30 ºC for 12 h to yield 
yellow crystals. Yeild: 25 mg (41 %). 1H-NMR (CD3CN): ! -8.83 (s, 1H), 1.15 (s, 
9H), 1.23 (s, 9H), 1.32 (s, 9H), 1.62 (s, 15H), 5.40 (br, 1H), N-H 6.77 (d, 1H), 6.85 
(d, 1H). Anal. Calcd for C29H44IrNO: C, 56.65 (56.23); H, 7.21 (7.25); N, 2.27 
(3.28). 
A complete table crystal bond distanes and angles can be found in Appendix D 
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Chapter 6.   Oxidative Addition of A Diphosphine-Anhydride: 
Elegant Approach to Installing Four Ligands  
6.1.   Introduction 
Oxidative addition (OA) is one of the fundamental steps in organometallic 
catalysis and synthesis.1 First described in the 1970s, chelate-assisted oxidative 
addition is widely exploited.2 Directing groups and chelation often assists in difficult or 
slow oxidative additions. 3-5 For example, chelate-assisted OA is utilized in the 
formation of !2-2-phenylpyridine metallocycles, wherein pyridine coordination directed 
OA of a C-H bond on the phenyl ring (Eq. 6.1).5-7 Cyclometallated phenyl-pyridine 
ligands are incorperated in several organometallic complexes, such as fluorescent 
dyes, or further functionalized to form useful organic products.8, 9 
 
6.2.   Oxidative Addition of Anhydrides  
Oxidative addition of carboxylic anhydrides offers an intriguing functional group 
for catalysis and ligand design because cleavage of the anhydride C-O bond is 
asymmetric, forming a metal-carboxylate and metal-acyl.10 OA of anhydrides to 
generate functionality from the metal carboxylate and metal acyl has been 
underutilized despite the susceptibility of metal-acyl/carboxylates to various 
substrates, e.g. dihydrogen, olefins, or nucleophiles.10 Depending on the nature of the 
anhydride, the resulting metal-acyl can undergo CO-elimination, followed by 
CO2-eliminated.
11 A few examples of catalytic cycles based on the fundamental 
reactions of anhydrides have been reported; however, exploration of the ligand 
ensemble (carboxylate/acyl) has not been developed.  
Mn+
N
H Mn+2
N
H
Eq. 6.1
 112 
 
6.3.   Anhydrides in Catalysis, Olefin Formation  
Unsaturated cyclic carboxyl-anhydrides have been shown to react with Ni(0) 
catalysts liberating CO and CO2, resulting in olefin formation. The use of carboxylic-
anhydrides as a platform for olefin formation was explored by Trost et al.. Norborane-
2,3-dicarboxylic acid anhydride reacted with Ni(CO)2(PPh3)2 at 80 ºC, but olefins were 
only formed when the temperature was elevated (200 ºC) to drive the loss of CO and 
CO2 (Eq. 6.3).
11  
 
The mechanism for olefin formation from cyclic anhydrides was analyzed by 
reacting trans-2,3-dimethylsuccinic anhydride with Ni(CO)2(PPh3)2 catalyst to afford 
butene. The expected reaction pathway was one in which the anhydride oxidatively 
added to the low-valent nickel followed by the step-wise liberation of CO and CO2 
which would retain stereochemistry i.e. trans-2-butene (Eq 6.4). The results, however, 
was the formation of the products trans-2-butene, cis-2-butene and trace 1-butene, in 
a 1:1:0.1 ratio.. 
 
This loss of stereochemistry was proposed to be a result of !-hydride 
elimination and insertion before CO2-elimination could occur. After the decarbonylation 
Mn +
R O
O
R
O
R
O
O
R
O
Mn+2 Eq. 6.2
O
O
O
Ni
Ph3P CO
Ph3P CO
+ CO + CO2 Eq. 6.3
O
O
O
Ni
Ph3P CO
Ph3P CO
+ +
+ CO + CO2
Expected
observed
1
1 0.1
catalyst does not isomerize tran-2-butene
Eq. 6.4
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the authors propose two pathways 1) decarboxylation followed by elimination of trans-
2-butene or 2) !-hydride elimination. Pathway 1 is consistent with the formation of 
trans-2-butene. Shown in Scheme 6.1, is proposed a mechanism in which the carboxyl 
group deinserts forming a Ni-allyl. The formation of a Ni-allyl is consistent with 
substrate racemization, which is known to occur through reversible CO-insertion. If the 
reductive elimination step is slow, the result would be a 50:50 mixture of endo/exo-
methyl isomers. The proposed Ni-allyl accounts for the product ratios, with hydride 
insertion into the terminal carbon favored over the secondary carbon.  
 
Scheme 6.1.   Proposed mechanism for racemization for olefin formation from an 
anhydride. 
6.4.   Oxidative Addition of Anhydrides, Ligand Formation 
The reaction of carboxylic anhydrides with (TMEDA)Ni(COD) have been 
investigated, where TMEDA was N,N,N’,N’-tetramethyl-1,2-ethylenediamine and COD 
was 1,5-cyclooctadiene.12 Depending on the nature of the cyclic-anhydride, oxidative 
addition or olefin binding was observed. The saturated cyclic anhydride was found to 
favour oxidative addition (Eq 6.4).12 Using the unsaturated maleic anhydride favored the 
formation of the ("2-maleic anhydride)Ni(0)(TMEDA) complex. (Eq 6.4)  
 
Ni
PPh3
COH
O
O
- CO2
Ni
PPh3
CO
H CO
Ni
PPh3
CO
H
O
loss of stereochemistryreductive
elimination
1:1 cis/trans-2-butene + 0.1 1-butene
OO O Ni
N
N O
O
O
– CO
+ CO
Ni
N
N O O
(TMEDA)Ni(COD) + Eq. 6.4
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The regioselective installation of ligands is important for the development of new 
catalysts. Oxidative addition of a functional group specifically for the synthesis of a 
new ligand set has not been widely explored. One could envision a ligand library built 
on the large variety of functional groups that undergo oxidative addition. 
6.5.   Results and Discussion 
Oxidative addition offers simplicity in the synthesis of complex ligand systems 
yet is often over looked as a synthetic technique. Within this chapter is presented the 
straightforward synthesis of complexes that would be synthetically tedious to make 
using more common approaches such as salt metathesis and ligand displacement. The 
reactivity of these novel organometallic complexes with Lewis acids and bases was 
also explored. 
6.6.   The Phosphine Anhydride (PCO)2O 
2-Diphenylphosphinebenzoic anhydride, abbreviated here as (PCO)2O, was 
previously generated in situ and applied to the synthesis of branched amino acids as a 
directing group for allylic substitution.13 The (PCO)2O ligand was prepared in high yield 
by coupling of 2-diphenylphosphinobenzoic acid using DCC (Eq 6.6). The anhydride 
existed a pale yellow, air-stable solid. (PCO)2O was sparingly soluble in most organic 
solvents. The ligand was thermally stable in THF (70ºC) under argon, however, upon 
exposure to air formed a new product by 31P-NMR, presumably the phosphine-oxide. 
 
 
 
(TMEDA)Ni(COD)
OO O Ni O
O
O
N
N
Ni
N
N O
O
O
Ni
N
N O O
+
CO
Eq. 6.5
PPh2
OH
O2
DCC
O
O
O PPh2PPh2
Eq. 6.6
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6.7.   Oxidative Addition of (PCO)2O to Fe(0) and Ni(0)  
Treatment of (bda)Fe(CO)3 or Fe2(CO)9 with (PCO)2O afforded the ferrous 
dicarbonyl Fe(PCO)(PCO2)(CO)2, 6.1 (Eq. 6.7). The 
31P-NMR and IR spectra (Figure 6.1) 
of 6.1 indicated a single unsymmetrical isomer (! 45, 69, JPP = 125 Hz, Figure 6.1). The 
reaction involving (bda)Fe(CO)3 resulted in the formation of an observable intermediate 
with "CO = 1938 and 1893 cm
-1 and possibly a higher energy band obscured by the 
presence of 6.1 ("CO = 2024, 1966 cm
-1) and 31P-NMR signals at ! 49, 64, JPP = 125 Hz. 
Compounds of the type Fe0(CO)3(κ2-PR2)2 exhibited comparable IR signatures, e.g. 
Fe(CO)3(dppb): "CO =1981 (s), 1908 (m), 1879 (s)).
14 The JPP
 for the intermediate was the 
same as the final product which suggested that the phosphines were mutually trans 
and were asymmetric possibly due to twisting of the anhydride in order to 
accommodate the chelate.  
 
 
Figure 6.1    The reaction of (bda)Fe(CO)3 + (PCO)2O in THF solution at 80 ºC. Top: 
after 1 h. Bottom: after 12 h. 
Fe
PPh2O
CO
COPh2P
O
O
O
O
O PPh2PPh2
+ "Fe(CO)n" Eq. 6.7
6.1
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The molecular structure of 6.1 was determined crystallographically (Figure 6.2). 
The ligand arrangement was distorted octahedral. The phosphine ligands were 
mutually trans with a P1-Fe1-P2 angle of 165.51(4)º, and the bonds d(Fe(1)-
P(1)) = 2.2589(10) and d(Fe(1)-P(2)) = 2.2565(10) Å. The acyl-phosphine P(1)-Fe(1)-C(3) 
and carboxylate-phosphine P(2)-Fe(1)-O(4) chelate angles were 80.97(10)º and 
80.20(7)º respectively with the metal-ligand bonds d(Fe-acyl) = 2.011(4) Å and d(Fe-
carboxylate) = 2.004(2) Å. The bond distances within the carboxylate group were 
d(C(22)-O(4)) = 1.289(4) Å while the d(C(22)-O(5)) = 1.228(9) Å. The carboxylate and acyl 
were mutually cis and whit an angle of C(3)-Fe(1)-O(4) = 89.40(12)º. The carboxylate 
and acyl groups were both trans to CO. 
 
Figure 6.2   Structure of 6.1. Ellipsoids are shown at 50% probability, hydrogen atoms 
and residual solvent were omitted for clarity. 
A solution of Ni(COD)2 and (PCO)2O (1 equiv.) afforded a single yellow product, 
Ni(PCO)(PCO2), 6.2 (Eq. 6.8). The 
31P NMR spectrum indicated that the phosphine 
ligands were trans with JP–P = 256 Hz (Figure 6.3). Comparable values of JP–P have been 
observed for other complexes, e.g. (Pigiphos)Ni-L+ (235 Hz)15 and a phosphine-ylide 
chelate (285 Hz)16. Crystallographic analysis of 6.2 confirmed that the phosphine 
ligands were mutually trans (Figure 6.4). Reflected in the differing sizes of the chelate 
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rings, and the distorted square planar geometry, P1-Ni-O1 and P2-Ni-C20 angles of 
89.95º and 86.84º and the angles for P1-Ni-P2 and C20-Ni-O1 both 165º.  
 
 
Figure 6.3   31P-NMR spectrum of 6.2 in THF. 
 
 
Figure 6.4   Structure of 6.2 with thermal ellipsoids shown at 50% probability level 
(hydrogen atoms omitted for clarity).  
O
O
O PPh2PPh2
+
P
Ph2
Ni
O
Ph2
P
O
O
Ni(COD)2 Eq. 6.8
6.2
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6.8.   Lewis Base Adducts 6.1 and 6.2 
Treatment of 6.1 with PMe3 resulted in decarbonylation affording the 
monocarbonyl Fe(PCO)(PCO2)(CO)(PMe3). The 
31P-NMR spectrum indicated the 
formation of a single isomer with three meridonal phosphine ligands (Figure 6.5). The 
spectrum featured a doublet of doublets at ! 64.4 and 46.3 with JP–P = 22 Hz and 129 
Hz and a triplet centered at ! -1.81 with JP–P = 22 Hz. 
 
Figure 6.5   31P-NMR spectrum of 6.1PMe3 in THF. 
Treatment of 6.2 with PMe3 gave the adduct 6.2PMe3. Triphenylphosphine did 
not coordinate to 6.2. The 31P-NMR spectrum indicated the formation of a single 
isomer with three equatorial phosphine ligands (Figure 6.6). The spectrum featured a 
doublet of doublets at ! –19 with the major JPP= 152 Hz and the minor JPP = 85 Hz, and 
a doublet of doublets at !9.5 with the same JPP pattern and a triplet at !27 with JP–P = 
85 Hz.  Crystallographic analysis of the 6.2PMe3 revealed a distorted trigonal 
bipyramidal structure in which the three phosphine donors occupied the equatorial 
positions (Figure 6.7). The sum of the angles of the three phosphines coordinated to 
the nickel was ~360º, where the angle between P1-Ni1-P2 = 121º, P2-Ni1-P3 = 109º, 
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and P3-Ni1-P1 = 129º. The chelate angle for P1-Ni1-O1 was 86º and P2-Ni1-C20 was 
87º, the axial ligands were distorted by 6º from linearity. The nickel complex, (Ph2P-
C6H4-C=O !
2P,C)Ni(PMe3)2I, 
17 had a similar distorted trigonal bipyramidal structure. 
The equatorial phosphines in (Ph2P-C6H4-C=O !
2P,C)Ni(PMe3)2I, had a total angle of 
360º, where the P-Ni-P angles were distorted from 120º, and the axial ligands distorted 
by 2º from linear.  
 
Figure 6.6   31P-NMR spectrum of 6.2PMe3 in THF. 
 
  
Figure 6.7   Structure of 6.2PMe3 with thermal ellipsoids shown at 50% probability 
level (hydrogen atoms omitted for clarity).  
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6.9.   Adducts with Lewis Acids  
Compound 6.1 rapidly formed a 1:1 adduct with BPhF3, where BPh
F
3 was 
B(C6F5)3. The adduct adopted the same stereochemistry as the precursor as indicated 
by 31P-NMR spectrum. The 31P-NMR spectrum featured doublets at !44 and 69 with 
JP-P = 126 Hz (Figure 6.8). The IR spectrum showed "(#CO)avg of 15 cm
-1 upon binding 
the borane (Figure 6.9). Over the course of several minutes in solution, 1BPhF3 
converted to a second isomer with cis-phosphine ligands having JP–P = 50 Hz, similar 
JPP were reported for like cis-phosphine complexes.
18 After about 10 h, the 31P-NMR 
spectrum featured yet another pair of doublets at !46 and 57 with JP–P = 69 Hz. The 
isomers did not display individual assignable bands for the carboxylato ligands in the 
IR spectrum. 
 
Scheme 6.2.   Isomers of 6.1BPhF.  
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Figure 6.8   31P-NMR spectrum of a CH2Cl2 solution prepared from equimolar amounts 
of 6.1 and BPhF3 at room temperature.  
 
Figure 6.9   The IR spectrum of the reaction of 6.1 + BPhF3 in CH2Cl2.  
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The value of !C=O for the carboxylato ligand decreased "!C=O = 45 cm
-1 upon 
formation of 6.1BPhF3 (!C=O for the individual isomers cannot be distinguished). For 
comparison, coordination of ethyl benzoate to BPhF3 resulted in "!C=O = 49 cm
-1.19  
Crystals were obtained of the all cis isomer of 6.1BPhF3 (Figure 6.10). Solutions 
freshly prepared from crystals of 6.1BPhF3 in CH2Cl2 exhibited the signals #44 and 69 
with JP–P = 126 Hz and #39 and 87 with JPP = 50 Hz (Figure 6.11). Upon standing the 
third isomer grew in and the relative isomer ratio changed. The crystallographic 
analysis of 6.2BPhF3 indicated that the carboxylate d(C3–O1) had shortened by 0.053 Å 
compared that in 6.1, and the d(Fe1–O1) elongated by 0.019 Å. The d(B1–O5) of 
1.531(5) Å indicated a strong B–O interaction. The analogous nickel S.H.O.P. catalyst, 
[(C6H5)2PC6H4C(OB(C6F5)3)O-$
2P,O]Ni(%3-CH2CMeCH2), had a d(B-O) = 1.541(5) Å which 
was shown to be an intermediate distance between a (F5C6)3B–OH
- borate bond 
d(B-O) = 1.490(10) Å)20 and a (F5C6)3B–O(OEt)C(C6H5) dative bond d(B-O) = 1.594(5)Å).
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Figure 6.10   Structure of 6.1BPhF3, ellipsoids are shown at 50% probability. Hydrogen 
atoms and the phenyl groups except the ipso carbon centers were 
omitted for clarity. 
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Figure 6.11   31P-NMR spectrum of a sample of 6.1BPhF3 used for crystallography. 
The treatment of a solution of 6.2 with BPhF3 (1 equiv.) afforded the adduct 
6.2BPhF3. The 
31P-NMR spectrum of 6.2BPhF3 featured a broad doublet at !44.00 and a 
sharp doublet at !8.9 (Figure 6.12). 31P-NMR analysis indicated that solutions of 6.2 
showed no tendency to bind a second BPhF3 i.e. through the acyl. Upon cooling a 
solution of 6.2BPhF3 to –40 ºC the doublet at !44.00 sharpens with the JP-P
 = 225 Hz.  
The JP-P was consistent at a temperature range of –40 ºC to 25 ºC. The peak 
sharpening and steady coupling was consistent with a dynamic behavior in which the 
phosphines remain mutually trans. These data was consistent with a dynamic behavior 
where the P-O chelate was possibly twisting.(Scheme 6.3) Addition of BPhF3 to 
6.2PMe3 gave complex mixture, while the addition of PMe3 to 6.2BPh
F
3 resulted in 
displacement of [Ph2P(C6H4)COOBPh
F
3]
–. No reaction was observed between PPh3 and 
6.2BPhF3.  
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Scheme 6.3.   Possible rotational isomers of 6.1BPhF3, Newman projection down the 
P1-Ni1-P2 axis 
 
Figure 6.12   Variable temperature 31P NMR spectrum of 6.2BPhF3 in CD2Cl2 solution.  
6.10.   Reactivity Studies toward Small Molecules  
Featuring highly polarized ligands, these complexes were poised to activate 
small molecules such as RnSiHm, H2, CO, and possibly CO2. When 6.2 was treated with 
Et3SiH at 78 ºC the formation of a new product was observed after 4 days. The 
complex 6.2BPhF3 was treated with Et3SiH and formed a new product at room 
temperature over the course of several hours; however, the nature of the product was 
unclear and future work will explore this reaction further. There was no HD exchange 
observed between d4-methanol and H2 in the presence of 6.1, 6.2, and 6.2PMe3, over 
the course of a week and 6.2BPhF3 formed an insoluble precipitate upon addition of d4-
PPh
Ph
OO
O
BPhF3
PPh
Ph
OO
O BPhF3
 125 
methanol. The treatment of 6.1 with CO (1 atm) resulted in the slow reductive 
elimination and deligation of (PCO)2O (Figure 6.13). 
 
Figure 6.13   31P-NMR spectrum of a CH2Cl2 solution of 6.1 under CO (1 atm) at room 
temperature.  
6.11.   Conclusions 
The reaction of (PCO)2O with Fe(0) and Ni(0) simultaneously install both !
2-(2-
diphenylphosphinobenzoyl) (PCO) and !2-(2-diphenylphosphinobenzoate) (PCO2). 
These examples were unusual due the installation of four ligands. The installation 
proceeds via initial coordination of one or both phosphines followed by the oxidative 
addition. In the iron complex an observed intermediate in the 31P-NMR and IR 
supported a mechanism in which chelation occurs before the oxidative addition.  
The Lewis-acid induced isomerization of 6.1 is unusual due to the stability of the 
adduct, and the coordination number did not change. The complex 1BPhF3 was a rare 
example of LA-induced isomerization of coordination complexes without a 
coordination number and the formation of a stable Lewis acid-base adduct. The 
carboxylate in 6.1BPhF3 had changed from a weak donor to a strong acceptor, and 
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formally the oxidation state of the metal has not changed, yet ferric complexes are 
more fluxional then ferrous.21  
It is also possible that the Lewis acid, BPhF3, formed an adduct with the acyl 
group. Lewis acids have been shown to bind metal-acyls, e.g. Co(CO)4(MeC=O-
BPhF3).
22 The acyl groups in 6.1 and 6.2 were however protected from electrophilic 
attack by the phenyl groups of the adjacent ligand and thus solutions of 6.1 and 6.2 
only bind a single equivalent of BPhF3.  
6.12.   Experimental  
General Considerations. Tris(pentafluorophenyl)borane was a gift from Dow 
Chemicals and was purified by sublimation at 10 mTorr (90 ºC). 31P NMR shifts are 
referenced to H3PO4 (! = 0 ppm). 
2-(Diphenylphosphino)benzoic Anhydride, (PCO)2O. A mixture of 2-
(diphenylphophino)benzoic acid (6.02 g, 19.7 mmol) and dicyclohexylcarbodiimide 
(DCC) (2.23 g, 10.8 mmol) of was treated with CH2Cl2 (100 mL). The solution 
immediately became yellow concomitant with the precipitation of the dicyclohexylurea. 
After stirring for 3 h, the slurry was filtered through a plug of silica gel. The resulting 
yellow solution was evaporated to yield a yellow powder, which was washed with 
MeCN (20 mL). Yield: 4.55 g (77%). 31P-NMR (CH2Cl2): !–3.52. Anal. Calcd for 
C36H30O3P2: C, 76.76 (76.17); H, 4.75 (4.82); N, 0.00 (0.78). Solutions of (PCO)2O in THF 
oxidize upon exposure to air as indicated by a 31P-NMR signal at ! 42, however, solid 
(PCO)2O appears to be indefinitely stable.  
(2-Diphenylphosphinobenzoyl)(2-diphenylphosphinebenzoato)iron(II) 
di(carbonyl), Fe(PCO)(PCO2)(CO)2 (6.1). A solution of (bda)Fe(CO)3 (270 mg, 0.947 
mmol) or Fe2(CO)9 (345 mg, 0.947 mmol in THF (20 mL) was added to a slurry of 
(PCO)2O (324 mg, 0.947 mmol) in THF (10 mL). The reaction solution was stirred under 
argon for 1 h at refluxing temperature. Solvent was removed at reduced pressure to 
yield a yellow oil, which was triturated with pentane (15 mL). The resulting yellow 
powder was dissolved in CH2Cl2 (5 mL) and layered with pentane (15 mL) to yield 
crystals after 12 h at –35 ºC. The yellow microcrystalline solid was collected by 
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filtration and dried under a stream of N2. Yield: 182 mg (30%). Anal. Calcd for 
C40FeH28O5P2(CH2Cl2) (found): C, 60.78 (60.52); H, 3.68 (3.64); N, 0.00 (0.22). 
31P-NMR 
(CH2Cl2): ! 45, 69 (d’s, JP–P = 125 Hz). X-ray crystals were obtained from vapor diffusion 
of pentane into a solution of 1 in CH2Cl2. 
(2-Diphenylphosphinobenzoyl)2-diphenylphosphinobenzoatonickel, 
Ni(PCO2)(PCO) (6.2). A slurry of (PCO)2O (1.32 g, 2.218 mmol) in THF (20 mL) was 
added to a yellow solution of Ni(COD)2 (610 mg, 2.22 mmol) in THF (10 mL). The 
reaction solution was stirred for 2 h. During this time, the reaction solution became 
orange and the slurried (PCO)2O disappeared. The solution was concentrated to ~10 
mL and then diluted with pentane (30 mL). The reaction solution was cooled to –35 ºC 
overnight, and the yellow-orange crystals were collected via filtration. The product was 
washed with pentane (2 x 10 mL) and dried with a stream of N2. The product was 
recrystallized by dissolution of the orange crystals in of CH2Cl2 (5 mL) and layered with 
pentane (30 mL) and cooled to –35 ºC. Yield: 1.36 g (94%). Anal. Calcd for 
C38H28O3P2Ni (found): C, 69.12 (69.35); H, 4.27 (4.10); N, 0.00 (0.40). 
31P-NMR (CH2Cl2): 
!14 (d, JP-P = 256 Hz), 42 (d, JP-P = 256 Hz). X-ray crystals were obtained from the 
recrystallization. 
(2-Diphenylphosphinobenzoyl)(2-diphenylphosphinobenzoato)(trimethylpho
sphine)nickel(II), Ni(PCO)(PCO2)(PMe3), 6.2PMe3. A solution of Ni(PCO)(PCO2) (436 
mg, 0.668 mmol) in THF (30 mL) was frozen in liquid nitrogen, and the head space was 
evacuated on a high-vacuum manifold. The PMe3 (~0.1 mL, ~1 mol) was vacuum 
transferred onto the frozen solution. The solution color changed from orange to red 
almost immediately upon thawing. After stirring the reaction solution for 0.5 h, solvent 
and excess PMe3 were removed by distillation at a reduced pressure. The resulting red 
oil was trititrated with a 1:10 mixture Et2O:pentane (20 mL) to yield a red powder. The 
red powder was collected via filtration and washed with Et2O (10 mL) and pentane (10 
mL). The solid was dried under a stream of N2. The red solid was dissolved in CH2Cl2 
(10 mL) and layered with pentane (20 mL) and the solution was cooled to –35 ºC. The 
resulting red crystals were collected via filtration, washed with Et2O (10 mL). Yield: 345 
mg (71%). Anal. Calcd for C41H37NiO3P3(found): C, 67.19 (66.96); H, 5.10 (5.20); N, 0.00 
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(0.52). 31P-NMR (CH2Cl2): ! –19 (dd, JP–P= 152 Hz), 9.5 (dd, JP–P = 152 Hz), 27 (t, JP–P = 85 
Hz). Upon standing at room temperature, samples decomposed to a new species, an 
apparent isomer: 31P-NMR (CH2Cl2): ! 47.65 with JP–P = 50 Hz, a singlet at ! 41.43, 
! -14.65 (JP–P = 50, 5 Hz). X-ray crystals were obtained from vapor diffusion of pentane 
into a solution of 6.1 in CH2Cl2. 
BPhF3 Adduct of 6.1. A solution of BPh
F
3  (70 mg, 0.136 mmol) in CH2Cl2 (5 mL) 
was added to a solution  of Fe(PAc)(PAcO)(CO)2 (96 mg, 0.134 mmol) in CH2Cl2 (10 mL). 
Upon addition the borane the color of the solution turned from bright yellow to light 
orange. The reaction solution was stirred for 0.5 h. The solvent was evaporated to ~5 
mL, layered with pentane and cooled to –35 ºC for 12 h to yield X-ray quality crystals. 
Anal. Calcld for C58H28BF15FeO5P2 (found): C, 56.17 (56.05); H, 2.32 (2.35); N, 0.00 
(0.50). 31P-NMR (CH2Cl2): !39 (d, JP–P= 50 Hz), 87 (d, JP–P = 50 Hz). IR (CH2Cl2): "CO = 
2047, 1998, and 1988 cm-1. The isomerization of 1BPhF3 was performed by allowing the 
reaction solution to stir in CH2Cl2 over the course of a day and 0.1 mL aliquots were 
analyzed by IR spectroscopy at 0, 1, 3, 5, and 10 h intervals. 
BPhF3 Adduct of 6.2. The solid BPh
F
3 (252 mg, 0.492 mmol) was added to a 
solution of 2 (321 mg, 0.492 mmol) in CH2Cl2 (5 mL). After stirring the reaction solution 
for 0.5 h, the solvent was evaporated . The tacky orange residue was tritrated with 
pentane (10 mL). The supernatant was decanted from the orange solid, and the solids 
were dried under reduced pressure to yield an orange product. Yield: 432 mg (77%). 
31P-NMR (CH2Cl2): ! 8.90 (d, JP–P= 254 Hz), and 44 (br d, JP–P = 254 Hz). Anal. Calcd for 
C56H28BF15NiO3P2
.CH2Cl2 (found): C, 55.76 (55.44); H, 2.42 (2.47); N, 0.00 (0.00). 
Solution of 6.2(BPhF3) did not show any tendency to isomerize at room temperature 
over the course of a week.  
Crystallography General Comments. All structures were phased by direct 
methods. The space group choice was confirmed by successful convergence of the 
full-matrix least-squares refinement on F2. Rigid-bond restraints (esd 0.01) were 
imposed on displacement parameters for disordered sites and similar displacement 
amplitudes (esd 0.01) were imposed on disordered sites overlapping by less than the 
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sum of van der Waals radii. Hydrogen atoms were included in the refinement as riding 
idealized contributors and their U's were assigned as 1.2 times carrier Ueq.  
Crystallography of 6.1. The highest peaks in the final difference Fourier map 
were in the vicinity of atoms P1 and Fe1; the final map had no other significant 
features. A final analysis of variance between observed and calculated structure factors 
showed little dependence on amplitude and resolution. A structural model consisting of 
the host plus two disordered dichloromethane solvate molecules was developed. All C-
Cl distances were restrained as 1.76 Å (0.01 esd) and all Cl---Cl distances were 
restrained as 2.85 Å (esd 0.02). Data for 1: Formula C42H32Cl4FeO5P2, M = 876.27, 
Orthorhombic, space group Pbca, a = 17.3751(11), b = 19.2388(13), c = 23.6101(15) Å, 
V = 7892.3(9) Å3, Z = 8, Dc = 1.475 g cm
-3, µ(Mo-K) = 0.779 mm-3, F(000) = 3584, T = 
193(2) K, R1 (I > 2!) = 0.0462, wR2 (all data) = 0.1068 for 7231 independent reflections 
with a goodness-of-fit of 1.011. 
Crystallography of 6.1BPhF3. A structural model consisting of the host plus 
three disordered dichloromethane solvate molecules was developed; however, 
positions for the idealized solvate molecules were poorly determined. This model 
converged with wR2 = 0.142 and R1 = 0.062 for 714 parameters with 0 restraints against 
11499 data. Since positions for the solvate molecules were poorly determined, a 
second structural model was refined with contributions from the solvate molecules 
removed from the diffraction data using the bypass procedure in PLATON. The 
electron count from the "squeeze" model converged in good agreement with the 
number of solvate molecules predicted by the complete refinement. The "squeeze" 
data are reported here. Data for 1BPhF3: Formula C61H34BCl6F15FeO5P2, M = 1473.18, 
Monoclinic, space group P21/c, a = 15.6244(9), b = 17.9336(11), c = 22.4793(14) Å, ! = 
98.069(4)º, V = 6236.4(7) Å3, Z = 4, Dc = 1.569 g cm
-3, µ(Mo-K) = 0.644 mm-3, F(000) = 
2952, T = 193(2) K, R1 (I > 2") = 0.0598, wR2 (all data) = 0.1264 for 11499 independent 
reflections with a goodness-of-fit of 0.894. 
Crystallography of 6.2. The highest peaks in the final difference Fourier map 
were in the vicinity of the disordered dichloromethane and the Ni atom; the final map 
had no other significant features. A final analysis of variance between observed and 
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calculated structure factors showed little dependence on amplitude and some 
dependence on resolution. Data for 2: Formula C40H32Cl4NiO3P2, M = 823.11, Triclinic, 
space group P-1, a = 9.2924(7), b = 12.4785(10), c = 17.5116(14) Å, ! = 88.217(5), " = 
75.154(4), # = 70.221(4)º, V = 1843.5(3) Å3, Z = 2, Dc = 1.483 g cm
-3, µ(Mo-K) = 0.942 
mm-3, F(000) = 844, T = 193(2) K, R1 (I > 2$) = 0.0331, wR2 (all data) = 0.0850 for 36549 
independent reflections with a goodness-of-fit of 0.987. 
Crystallography of 6.2PMe3. The highest peaks in the final difference Fourier 
map were in the vicinity of the nickel atoms; the final map had no other significant 
features. A final analysis of variance between observed and calculated structure factors 
showed no dependence on amplitude and little on resolution. For the data crystal, 
mean I/!(I) was less than 8 for reflections beyond 1 Å resolution. Reflections between 1 
and 0.8 Å resolution were removed from least-squares refinement to improve the 
internal consistency. A structural model consisting of the host plus two 
dichloromethane solvate molecules was developed. Data for 2PMe3: Formula 
C43H41Cl4NiO3P3, M = 899.18, Orthorhombic, space group Pca2(1), a = 18.842(6), b = 
25.205(12), c = 17.491(9) Å, V = 8307(6) Å3, Z = 8, Dc = 1.438 g cm
-3, µ(Mo-K) = 0.879 
mm-3, F(000) = 3712, T = 193(2) K, R1 (I > 2$) = 0.0502, wR2 (all data) = 0.1114 for 8646 
independent reflections with a goodness-of-fit of 1.040. 
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Chapter 7.   Hydrogenase Models Containing Lewis Acid 
Capped Cyanides  
7.1.   Introduction to Hydrogenase  
Some of the important characteristics of the hydrogenase active site are the 
two cyanide ligands, two terminal carbonyls, bridging carbonyl,(Figure 7.1) the 
redox-active Fe4S4 ligand, and the dithiolate strap. Cyanide is an essential 
component of the [FeFe]- and [NiFe]-hydrogenase active sites, both enzymes 
feature two cyanide ligands. Cyanide is problematic with designing hydrogenase 
models due to the Fe-CN group’s basic nitrogen, which are speculated to form 
polymers, with Fe-CN-Fe and Fe-CN-H-NC-Fe linkages. The iron-cyanide polymers 
are insoluble, and form irreversibly. The protein eliminates the problems associated 
with cyanide by encapsulating the active site and through hydrogen-bonding to 
the -CN. 
 
Figure 7.1   IR spectrum of FeFe- H2ase (D. vulgaris) as isolated Hox state. !CN= 2107, 
2087 !CO= 2008, 1983, 1848 2 
The most recent structure for the enzyme from Clostridium pasteurianum 
demonstrates the importance of hydrogen bonding quite clearly. The distal Fe-CN is 
strongly hydrogen bonded to the side chain of lysine 358. The proximal cyanide, 
which is attached to the ferrous center, is weaker, involving H-bond to the hydroxyl 
group in Ser232.1  
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Figure 7.2   Molecular structures of the FeFe H2-ase1 and NiFe H2ase3 cofactors.  
7.2.   Goals 
In order to simulate the hydrogen-bonding found in the enzyme boranes were 
used to cap the cyanide ligand. Synthetic hydrogenase models have all but 
abandoned cyanide ligands, employing analogs that are good sigma donors such as 
phosphines, isonitriles and carbenes.4 Models containing cyanides are a much 
better approximation to the active site, and have been shown to agree with the IR 
spectra of the enzyme active site.5 The cyanide ligand has undesired characteristics 
due mostly to the basicity/nucleophilicity of the nitrogen atom. This chapter will be 
divided into two parts, the first part will discuss FeFe models and the second part 
will discuss NiFe models which were built from mono-iron site.  
  
S
Fe S
Fe
Fe
S Fe
S
SCys Fe
S
C
S
CC
Fe
NH/O
C
C
ON
O
O
N
Fe
S
C
S
HC
Ni
Cys Cys
S
S
N
N
C
O
Cys
Cys
 135 
7.3.   Complexation of diiron-dicyanide with BPhF3 
The complexation of (Et4N)2[Fe2(pdt)(CO)4(CN)2] (7.1) with the Lewis acid, 
B(C6F5)3 (BPh
F
3) (2 equiv.) (Eq 7.1), resulted in the formation of the bis-adduct in 
which the borane bound to the cyanide ligands, 7.2. Complex 7.1 had very limited 
solubility in common organic solvents and was subject to degradation upon 
exposure to air. In contrast, 7.2 had much better solubility, and was soluble in non-
polar solvents such as diethylether. The complex 7.2 was found to be tolerant to air 
and moisture.  
(Et4N)2[Fe2(S2C3H6)(CN)2(CO)4] + 2BPh
F
3 ! (Et4N)2[Fe2(S2C3H6)(CNBPh
F
3)2(CO)4] Eq. 7.1 
The complexation of BPhF3 to 7.1 was accompanied by a in !CO and !CN. The 
average !CO of 7.2 shifts "32 cm
–1 to higher frequency, consistent with the 
weakening of the CN donor ability. The !CN of 7.2 shifts 50 cm
–1 and the intensity 
increased substantially over 7.1, which was consistent with going from a terminal 
cyanide to a bridging cyanide.6 The directionality of the linkage, Fe-CN-BArF3, was 
determined by 11B in which a broad signal at –14 ppm was indicative of N-bound 
boranes.7 The alternative linkage isomer, Fe-NC-BArF3, would be expected to have a 
sharp signal at c.a. –20 ppm. The molecular structure of 7.2 was determined by X-
ray crystallography.  
 
Figure 7.3   Molecular structure of 7.2, thermal ellipsoids are shown at 50% 
probability, the hydrogen atoms, two Et4N
+, and pentafluorophenyl 
groups (except ipso carbon), were removed for clarity. 
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7.4.   Lewis acids derivatives of 7.1 
The diiron-dicyanide, 7.1, was treated with various borane Lewis acids in 
order to establish a possible trend. The use of BPhF3, and the boranes BPh3 (7.3) and 
BF3(7.4) were also investigated. The average change in !CO and !CN between 7.1 and 
7.3 "!CO= 24 cm
-1, while the "!CN= 38 cm
-1. Both the change in !CO and !CN was not 
as dramatic as 7.2, the less dramatic change was expected due to less electron 
withdrawing groups on the borane and similar size of the phenyl groups compared 
with BPhF3. The addition of BF3 to 7.1 resulted in a dramatic change in !CO and !CN 
between 7.1 and 7.4, the average "!CO= 123 cm
-1 and "!CN= 110 cm
-1. The borane 
BF3 is a slightly weaker Lewis acid than BPh
F
3, however, the smaller size of the 
fluorine groups may allow for better nitrogen-boron overlap and thus BF3 had a 
much stronger inductive affect on the metal. The values for !CO and !CN of the 
various Lewis acids are shown in Table 7.1.  . 
 
Scheme 7.1.   Lewis acid adducts of 7.1. 
Table 7.1.   Summary of !CN and !CO for Various Boranes  
Compound Lewis acid !CN  !CO  
7.1 n/a 2075 1964 1924 1885 
7.2 BPhF3 2134 1990 1956 1925 
7.3  BPh3 2113 1983 1949 1913 
7.4 BF3 2185 2071 2051 2022 
7.5.   Reactivity of 7.1 
The complex 7.1 had been extensively studied5 and had been shown to be a 
good model for the active site of FeFe-ase, however, many complications arose due 
to the basicity of the nitrogen on the cyanide. The complex 7.1 can substitute  one 
of the carbonyl ligands upon addition of PPh3. Protonation of 7.1 was complex due 
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to the basicity of the cyanide ligand. The complex 7.1 first protonated at the cyanide 
followed migration of the proton to the metal-metal bond which formed the μ-
hydride. Complex 7.1 was also doubly N-protonated which resulted in the liberation 
of H2 and decomposition of the complex to an unstable diferrous complex.
8 The 
cyclic voltammogram of 7.1 contained a quasi-reversable oxidation peak at ~–0.4 V 
(vs Fc+/0). A similar complex to 7.1, Fe2(pdt)(CO)4(CN)(PMe3) was found to 
electrocatalytically reduce protons at a potential of –1.5 V.8 
Table 7.2.   Comparison of !CN and !CO for 7.1 and 7.2; protonation and phosphine 
derivative  
7.6.   Protonation of 7.2 
The protonation of 7.2 was straightforward compared to 7.1. An ethereal 
solution of 7.2 was cleanly protonated to form the μ-hydride, 7.2(H), and Et4NCl 
precipitated out of solution. Protonation causes shift in the !CO
 to 2071, 2051, 2022 
cm-1, a Δ!CO of ~100 cm-1, which was consistent with protonation of other H2-ase 
models.5 The complex 7.2 appeared to cleanly protonate to 7.2(H) and no 
intermediates were observed. The choice of acid was critical in forming 7.2(H), a 
basic anion could displace the borane, the precipitation of Et4NCl appeared to limit 
Complex !CN !CO Complex   
7.1 2075 1964, 1924, 
1885 
7.2 2134 1990, 1956, 
1925 
N-protonation 2100 1980, 1953, 
1918 
   
2x N-protonation 2130 2057, 2040, 
2000 
   
µ-hydride 2108 2045, 2024, 
1982 
µ-hydride 
7.2(H) 
2185 2071, 2051, 
2022 
PPh3 2120, 
2090 
2022, 1962 PMe2Ph 
7.3(PMe2Ph) 
2097 1948, 1893 
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or prevent the chloride from attacking the borane. The hydride region of the 1H-NMR 
spectrum (Figure 7.4) exhibited the expected chemical shifts for μ-hydride. There 
were three major signals and two minor signals, this patterning was consistent the 
rotational isomers observed in similar μ-hydrides. 9. The possible rotational isomers 
were diaxial, axial-equitorial, and diequitorial. The minor signals were possibly due 
to the cis- and tran- isomers of the diequitoral isomers.  
 
  
 
Figure 7.4   1H-NMR spectrum of 7.2(H), hydride region, in CD2Cl2. 
7.7.   Electrochemistry of 7.2  
The electrochemistry of 7.2 was similar to 7.1, however, the oxidation wave 
had shifted 0.5 V anodically. The anodic shift was consistent with the weakened 
donor ability of the cyanides. Complex 7.2 was shown to reduce protons at –1.5 V, 
at approximately the same potential as 7.1, however, at a much slower rate. The CV 
of 7.2(H) was different then 7.1(H), in that the reduction peak at –1.5 V was quasi-
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reversible. The quasi-reversibility of the reduction of 7.2(H) was a result of bulky 
substituents on the cyanides, which appeared to resist large conformational 
changes, i.e. the reduced 7.2(H)– was similar to 7.2(H). The addition of acid caused 
the peak at –1.5 V to become irreversible, consistent with reduction of protons. 
Additional equivalents of acid resulted in a higher catalytic current, however, when 
the current was swept back the cathodic current crossed the anodic current, 
indicative of slow catalysis.10  
 
Figure 7.5   Cyclic voltammogram of 7.2 (blue) and 7.2a (Green) and 7.2 + 1 equiv 
HBF4 etherate (black), in MeCN, scan rate 0.1 V/s, electrolyte Bu4NPF6. 
7.8.   Decarbonylation of 7.2 
The addition of PhPMe2 to 7.2 in refluxing THF resulted in the decarbonylation 
to yield 7.2(PMe2Ph) (Figure 7.6) with vCO
 = 1948, 1893. Despite the relatively harsh 
conditions the complex did not decompose, or appear to loose borane. The addition 
of excess PMe3 resulted in decarbonylation of 7.2 as well. The analogous di-iron 
tricarbonyls, Fe2(pdt)(CO)3(PMe3)(dppv), exhibits an IR spectrum with two CO bands 
νCO= 1957, and 1901 cm-1.11  
The substituted complex 7.2(PMe2Ph) is more structurally similar to the FeFe-
ase active site (Figure 7.2), in that it contains the donor phosphine, acting as a thio-
ether mimic, two cyanides, and three carbonyls. Diiron systems that contain a 
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strong donors that is trans to the bridging position can stabilize bridging carbonyls, 
a critical structurally component to the H2-ase active site.
12 The IR spectrum did not 
appear to contain a bridging carbonyl, which suggested that the BPhF3 was too 
electron-withdrawing. 
 
 
Figure 7.6   IR spectrum of 7.2 (Top) and 7.2(PMe2Ph) (bottom) in THF. 
7.9.   Nickel-Iron  
The preliminary synthesis of NiFe-ase models was developed using the LA 
capped cyanides. The previously reported complex, (K18-crown-6)2[Fe(CN)2(CO)3], 
can be synthesized in good yield by the photolysis of Fe(CO)5 in the presence of 
K(18-crown-6)CN.13, 14 There were not, however, reports on the large scale synthesis 
of [Fe(CN)2(CO)3]
2–, and the reaction was successfully scaled up in this work using a 
Novacure 2100 spot curing system. The [Fe(CN)2(CO)3]
2– was protonated to yield the 
ferrous-hydride, which resulted in a shift of the νCO from 1844 to 2025 cm-1.13, 14 One 
of the major difficulties in protonation was the separation of the K(18-crown-6)X, 
where X was the acid counter-ion, from the desired product due to similar solubility. 
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Protonation of metal centers results in dramatic changes in the electronics of the 
metal.15 The LA, BPhF3, was added to a solution of K(18-crown-6)[HFe(CN)2(CO)3] 
(7.5) in CH2Cl2 which was contaminated with K(18-crown-6)OTf. The IR spectrum νCO 
blue shifted by ~30 cm-1, while the νCN blue shifted by ~100 cm-1, similar shifts were 
observed with the FeFe-ase model described above. One of the major benefits of 
the adducts of BPhF3 was the increased solubility. While 7.5 had limited solubility in 
most organic solvents, the di-capped complex, K(18-crown-6)[HFe(CNBPhF3)2(CO)3] 
(7.6) was soluble in ether. The desired product 7.6 was extracted into ether which 
removed any excess K(18-crown-6)OTf. One concern with the addition of the strong 
LA to 7.5 was the possibility of hydride abstraction, the IR and 1H-NMR of 7.6 was 
consistent with the desired product. The 1H-NMR exhibited the expected three 
hydride isomers, however, unlike 7.5 which contained a consistent ratio of isomers, 
the isomer ratio of 7.6 appeared to shift in favor of the down-field products.  
 
Figure 7.7   IR spectrum of 7.5 (top) and 7.6 (bottom) in CH2Cl2. 
200021002200
Wavelength (1/cm)
!CN
 = 2218, 2205
!CO = 2109, 2061
!CO = 2081, 2025
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Figure 7.8   1H-NMR spectrum of 7.5 in CD2Cl2 hydride region. 
Previous work in our lab found that the complex 7.5 reacted with chelating 
diphosphine to form 7.5(dppv), where dppv = cis-1,2-bis(diphenylphosphino) 
ethylene.13 The complex 7.5(dppv) was similar to half the structure of the NiFe-ase 
active site. The complex 7.5 did not, however, react with nickel dithiolates such as 
(pdt)Ni(dppe), where dppe was 1,2-bis(diphenylphosphino)-ethane. The thiolates 
were proposed to not be basic enough to displace the carbonyls on 7.5. The 
treatment of 7.6 with (pdt)Ni(dppe) resulted in the formation of a new product 7.7. 
While preliminary results suggested that a nickel-iron product was formed, the new 
complex was unstable and decomposed before full analysis could be preformed. 
The IR and 1H-NMR spectrum of 7.7 indicated that 7.6 had decarbonylated and that 
a new hydride product had formed.  
The hydride region of 7.7 contained a doublet of doublets and a triplet. The 
peaks in both the doublet of doublets and the triplet had similar JPH= 46 Hz, which 
may be a result of rotational isomers. The possible isomers were where the cyanide 
moiety was cis or trans to the hydride. The IR spectrum contained one strong 
bridging νCN = 2130 and a strong νCO at 1905 cm-1 with a shoulder at 1891 cm-1. Two 
products appeared to form from the reaction of 7.6 with the nickel-dithiolate, these 
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products could be isomers or a result of loss of NCBPhF3
–, Scheme 7.2. While these 
data were not fully conclusive, these results did offer a convenient route for the 
synthesis of NiFe-ase models containing LA capped cyanides.  
 
Scheme 7.2.   Decarbonylation of 7.2a with (pdt)Ni(dppe)  
 
Figure 7.9   1H-NMR of 7.3 in CD2Cl2 hydride region, JPH = 46 Hz 
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Figure 7.10   IR spectrum of 7.3 in CH2Cl2 after 10 min, * denote starting material. 
7.10.   Conclusions 
While Lewis acid adducts of cyanides are not a new concept, the LA capped 
cyanides for the synthesis of hydrogenase models had never been utilized. This 
method of using LA stayed more true to hydrogenase models, in that the LA 
adducts mimics the hydrogen bonding networks in enzymes and prevented 
undesirable side reactions with the cyanide. The closest analog to this method was 
the use of isocyanides, the advantage of LA over alkyl groups are the ease of 
variability and synthesis, which allows for higher control over the electronics at the 
metal. While the nature of the LA was not varied greatly, one could envision using 
many different types of LA in order to build even more perfect models.   
7.11.   Experimental 
11B-NMR spectra were externally referenced to BF3•OEt2 and values are 
reported in ! ppm. 
(Et4N)2[Fe2(pdt)(CO)4(CN(BPh
F
3)2]7.2. A slurry of (Et4N)2[Fe2(pdt)(CO)4(CN)2] 
(2.40 g, 3.74 mmol) in CH2Cl2 (50 mL) was treated with B(C6F5)3 (3.88 g, 7.57 mmol) in 
CH2Cl2 (10 mL). Upon addition of the BAr
F
3 the solution color changed from dark red 
to bright red. The reaction solution was stirred for 0.5 h. The CH2Cl2 was evaporated 
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to yield a red oil, which was further dried (0.05 mmHg, 40 ºC) for 1 h to yield a red 
powder. The product was trititrated with pentane (3 x 10 mL) and crystallized from 
CH2Cl2 (10 mL) layer with ether (10 mL) and pentane (30 mL). Yield 5.25 g (>99%)   
Anal. Calcd for C61B2Fe2S2H46O4N4F30 (found): C, 43.97 (43.50); H, 2.78(3.07); N, 3.36 
(3.60). IR !CN
 = 2134 cm-1 !CO
 = 1990, 1956, 1925 cm-1 ESI-MS 
Fe2(S2(CH2)3)(CO)4(CN(B(C6F5)3))2
2- = 703.2. 
11B NMR " = -14 ppm. Crystals were 
obtained by the slow diffusion of ether (5 mL) and pentane (10 mL) into a solution of 
7.2 (1.0 g) in CH2Cl2 (5 mL) at –30 ºC.  
 
Complex 7.3 and 7.4 were made in the same manor as 7.2.  
7.3. Yield: 67%. 
Anal. Calcd for C61B2Fe2S2H76O4N4 (found): C, 61.45 (61.12); H, 6.48 (6.57); N, 4.62 
(4.82). IR !CN
 = 2113 cm-1 !CO
 = 1983, 1949, 1913 cm-1. 11B NMR " = -14 ppm  
 
7.4. Yield: 91%.  
Anal. Calcd for C25B2Fe2S2H46O4N4F6 (found): C, 35.15 (35.18); H, 5.45 (5.54); N, 6.18 
(6.33). IR !CN
 = 2186 cm-1 !CO
 = 2070, 2051, 2016 cm-1.11B NMR " = -1.3, and -4.03 
ppm  
(Et4N)2[Fe2(pdt)(CO)3(CN(BPh
F
3)2(PMe2Ph)] 7.2(PMe2Ph). A solution of 7.2 
(1.05 g, 0.63 mmol) in THF (20 mL) was treated with PhPMe2 (0.896 mL, 6.3 mmol). 
The reaction solution was heated to refluxing temperature until all the starting 
material had be consumed according to the IR spectrum (4 days). The solvent was 
removed via evaporation and the resulting oil was extracted into ether (20 mL). The 
ether solution was filtered through a plug of celite and the celite was washed with 
ether until the eluent ran colorless. The filtrate solvent was evaporated to c.a. 5 mL 
and pentane was added (20 mL) to yield a golden-brown solid. The solid was 
collected via filtration and washed with pentane (2 x 10 mL). The solid was dried (50 
ºC, 0.02 mmHg) overnight. Yield: 0.930 g (83%)  Anal. Calcd for 
C68B2Fe2S2H57O3N4PF30 (found): C, 45.97 (46.77); H, 3.23 (3.71); N, 3.15 (3.12). IR 
!CN= 2097 (br) cm
-1 !CO
 = 1948, 1893 (br) cm-1. 31P-NMR = 39.0 
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 (Et4N)2[Fe2(pdt)(CO)3(CN(BPh
F
3)2(PMe3)] 7.2(PMe3). To a frozen solution of 
7.2 (300 mg, 0.180 mmol) in CH2Cl2 was vacuum transferred PMe3 (~0.2 mL, 
2 mmol). The reaction flask was sealed and heated (60 ºC, 1 h). The reaction solution 
was run through a series of freeze/pump/thaw cycles and the flask was sealed and 
heated again (60 ºC, 1 h). The solvent was evaporated to yield a brown oil. The 
brown oil was extracted into ether (20 mL) filtered through celite, and evaporated to 
yield a brown solid. The resulting brown solid was extracted into CH2Cl2 (5 mL) and 
layered with ether (5 mL) and pentane (10 mL). The solution was cooled to -35 ºC 
and the resulting brown micro crystals were collected. Yield 175 mg (83%) 
C63B2Fe2S2H55O3N4PF30 CH2Cl2: C; 42.71 (42.77), H; 3.23 (3.26), N; 3.11 (3.09) 
IR !CN
 = 2131, 2093 (br) cm-1 !CO
 = 1943 (sh), 1931 (s), 1880 (s), 1870 (sh) 
cm-1.31P-NMR 37.1, 29.0 ppm. 
 (Et4N)2[Fe2(pdt)(CO)4(CN(BPh
F
3)2(H)], 7.2(H). A solution of 7.2 (0.282 g, 0.169 
mmol) in ether (50 mL) was treated with HCl in ether (0.093 mL, 2 M, 0.186 mmol). 
The reaction solution color changed from red to yellow and a colorless precipitate 
formed upon addition of HCl. The reaction solution was stirred for 30 min and 
passed through a plug of celite to remove Et4NCl. The filtrate was collected and the 
solvent was evaporated to c.a. 10 mL and pentane (20 mL) was added. The resulting 
yellow solid was extracted into ether (10 mL) and layered with pentane (30 mL) to 
yield yellow microcrystals. Yield 107 mg (44%) 
Anal. Calcd for C53B2Fe2S2H27O4N3F30 (found): C, 41.41 (41.29); H, 1.77 (1.75); N, 2.73 
(2.66). IR !CN
 = 2185 cm-1 !CO
 = 2071, 2051, 2022 cm-1. ESI-MS- 
Fe2(S2(CH2)3)(CO)4(CN(B(C6F5)3))2H
1- = 1407.  
 [K(18-crown-6)]2[Fe(CN)2(CO)3] and [Et4N][HFe(CN)2(CO)3] was made 
according to a modified preparation according to Whaley et al. and Kayal et al. 
(Inorg. Chem., 48(10), 2009, pp 4462-4469 and Ajay Inorg. Chem. 2003, 42, 5046-
5048) 
 [K(18-crown-6)]2[Fe(CN)2(CO)3]. A three-necked flask was charged with 
KCN (2.5 g, 38 mmol) and 18-crown-6 (12 g, 45 mmol) in CH3CN (300 mL). The 
resulting slurry was sonicated (1 h), until all the solids had dissolved. The Fe(CO)5 
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(2.5 mL,19 mmol) was added via syringe and the solution color changed to light 
yellow. The reaction solution was photolyzed (20 h) until the starting material was 
consumed as observed by IR. After the photolysis was complete the reaction 
solution color turned from yellow to tan. The solvent was evaporated to yield and tan 
solid. The solids were triturated with ether (50 mL) and collected via filtration. The 
solids were washed with ether (2 x 100 mL), until the eluent ran colorless, followed 
by a pentane was (50 mL). The filtrate was dried at a reduced pressure.  
Note: The reaction was quite air sensitive and should be actively purged with inert 
atmosphere, if the solution color turned purple then the reaction had failed.  
[K(18-crown-6)][HFe(CN)2(CO)3] A slurry of K(18-crown-6)]2[Fe(CN)2(CO)3]  
(3.00 g, 3.75 mmol) in CH2Cl2 (50 mL) was treated with a solution of HOTf (330 µL, 
3.70 mmol) in CH2Cl2 (5 mL) Upon addition of the acid the solution color turned 
yellow. The reaction solution was stirred at room temperature for 30 min. and was 
passed through a plug of celite. The resulting yellow solution was evaporated to 
dryness to afford an oily yellow solid. The oil was triturated with ether (20 mL) 
overnight; the resulting solid was collected via filtration and washed with ether (20 
mL) followed by pentane (20 mL). Yield 1.40 g. IR and 1H-NMR spectra matched 
those previously reported.  
IR (CH2Cl2) 2059, 1844 Anal.  
Calc. for C20H28F3FeKN3O12S (found) : C; 34.99 (34.46), H; 5.11 (5.01), N :6.12 (6.45) 
 [K(18-crown-6)][HFe(CNBPhF3)2(CO)3] 3. A solution of [K(18-crown-
6)][HFe(CN)2(CO)3] (460 mg, 0.928 mmol) in CH2Cl2 (20 mL) was treated drop wise 
with a solution of B(C6F5)3 (940 mg, 1.80 mmol) in CH2Cl2 (10 mL) and the reaction 
solution was stirred for 1 h. Evaporation of the solvent resulted in an light yellow oil 
which was extracted into ether (20 mL) and passed through a small plug of celite. 
The solvent was evaporated to yield a light yellow solid which was washed with 
pentane (20 mL) and dried at reduced pressure overnight. The solid product can be 
crystallized by extraction into CH2Cl2 (10 mL) and layering with ether (10 mL) and 
hexanes (20 mL) and cooling to –30 ºC for 3 days. Yield 1.27 g (83%). Anal. Calc. for 
C53B2FeH25O9N2KF30 (Found): C; 46.18 (46.16), H; 1.83 (1.81), N; 2.04 (2.17) 
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Appendix A. pKa Calculations 
 
Figure A1. UV-Vis spectrum of 0.8 M 1H(MeCN) in MeCN (bottom), addition of Lutidine 
(1 equiv) (middle), addition of lutidine (2 equiv) (top). 
 
Sample calculation for pKa measurement 
Determining pKa of  
(1) 5.1H+(MeCN)  +  Lut !  1t-Bu  + LutH+ 
 Keq = [5.1][LutH
+]/[5.1H+(MeCN)][Lut] 
Assume (1) goes to completion: 
(2)   LutH+  " Lut + H+ 
initial  8.565x10-8    0  0 
change     – x    +x  +x 
equilib. 8.565x10-8 – x    x   x 
 pKa(MeCN) = 18.82 
 
(3) Ka1 = [Lut][H
+]/[LutH+] = 10-18.82 = (x2)/(8.565 x 10-8 – x) 
x = 1.138 x 10-13 
x=[H+]eqilib=[Lut]eqilib 
[LutH+]eqilib ! [LutH
+]initial 
 
300 350 400 450 500 550 600
Wavelength (nm)
0
0.5
1
1.5
Ab
s
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Combine reaction (1) and (2)  
 
(4) 5.1H+(MeCN)  !  5.1  +  H+ 
 
5.1 (454 nm (! = 12300)) =  0.8214  
[5.1H+(MeCN)](299 nm (! = 6494)) =  1.136 
 
(5) Ka2 = [5.1]eq[H
+]eq/[5.1H
+(MeCN)]eq
   
Ka2 = (6.680 x 10
-5)(1.138 x 10-13)/(1.749 x 10-4) 
Ka2 = 4.326 x 10
-14 
pKa2 = –log(4.326 x 10
-14) = 13.36 
Average pKa2 = 13.19 ± 0.20 
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Appendix B. Evan’s Method Calculation 
 
Figure B1.  1H-NMR of a 2.746 x 10-2 M [Cp2Fe]PF6 in 10% C6D6;CD3CN (bottom) with 
a 10% C6D6;CD3CN sealed bob (top).  !" = 120 Hz, "i= 399.75 Mhz. 
Calculation for magnetic moment for [Cp2Fe]PF6 using Evan’s method: 
#m = (477) x !"/(Q x "I x c)  
#m = (477) x 120 Hz/(2 x 399.75 MHz  x 2.746 x 10
-2 M) 
#m = 2.61 x 10
-3 
µeff = (8 x #m x T)
1/2 
µeff = (8 x 2.61 x 10
-3 x 298 K)1/2 
µeff = 2.49 (2.62)  
For [1t-Bu]PF6 in 10% C6D6:CD2Cl2 
!" = 17.5 Hz 
Q = 2 
"c = 500.7 Mhz 
c = 2.988 mM 
#m = 2.793 x 10
-3  
T = 298 K 
µeff = 2.58 BM 
!
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Appendix C. Digisim Guide 
Obtain the CV of your complex at several scan rates, starting at different potentials 
(going from High to low and visa-versa, as well as different concentrations.  You will 
most likely find that you will have to go back and redo the experiment. 
You may be able to overcome the rate of a chemical reaction by increasing the scan 
rate to >1 V/s, a scan rate as high as 5 V/s may be needed to obtain a clean reversible 
CV.  
Vary the concentration of the complex of interest.  Usually a concentration of 1 mM 
analyte with 0.1 M supporting electrolyte.   
Make sure to reference all your potentials to ferrocene, this is IUPAC.   
After you have obtained a clean CV using the operating software for the potentiostat to 
convert the files to a .txt file.  The important data from this file is the Potential vs 
current, and the starting and ending points. (Example of BASi data (left) and Chi (right)) 
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Building a model 
Step 1  
• Open the Digisim software, there is a dongle that needs to be physically plugged 
into your computer in order operate the software.  The Digisim software can be 
downloaded to any PC but will not function without the dongle (a physical usb 
key with the copy right information on it and is essentially a $2000 usb key). 
"#$%&!'()*%+),''(!
-./%&!01&22&'0!
3#+%4&!!
5674.7!894$#//%$:6!
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• Go to File > New 
• Go to Edit > CV-Properties or press Ctrl-R  
The first screen to appear is the “Mechanism” tab (figure 1) 
Enter in electrochemical events as reductions 
(the reactions can be written as oxidations 
though the software will rewrite them as 
reductions, vide infra) and chemical reactions, 
the way in which you designate compounds is 
up to you.  An “=” sign indicates a reaction 
arrow and a lower case “e” indicates an 
electron 
Example:  A + e = B  (next line)  B + C = D  Or  Cp*Ir(tBAfPh) = Cp*Ir(tBAfPh)+ + e  (next 
line) Cp*Ir(tBAfPh)+ + CN- = Cp*Ir(tBAfPh)CN 
The software can handle the more complex 
notation, I have found that using the simplest 
notation with the most information is really the 
best because you will need to rewrite the 
mechanism and the simpler the notation the 
less likely you are to make mistakes.  Going 
with strictly letters can get messy if you decide 
that your mechanism needs to be corrected. 
Naming the mechanism is helpful if you need to refer back to old mechanism which 
may happen as you progress  
It is important to have a good understanding of your system.  The example shown in 
figure 2 was an initial mechanism I proposed; after working on the simulation I realized 
that the mechanism was probably not entirely correct and went back and preformed 
the CV again and found out more information.   Don’t be surprised if you have to go 
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back and redo your CV again, simulating your voltammogram makes you think a lot 
about your chemistry and often leads to more ideas for experiments. 
Step 2  
• After you have proposed a mechanism click “CV-Parameters” tab, the CV-
Parameters can be adjusted later on in order to better approximate your cells 
conditions, more on that in the fitting section. 
Enter in appropriate values 
Estart 
(V) 
The potential at which 
you start your CV.   
Cycles This is the number of 
cycles you have, going 
from Estart to Erev to 
Eend is one cycle. 
Erev (V) The switching potential  Ru(Ohm) Resistance (See Fitting) 
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Eend (V) The potential at which 
you end at  
CdI (F) Capacitance (See Fitting) 
V (V/s) Scan rate  Temp 
(K) 
This can have an effect on 
the rate so it is important 
to measure the 
temperature 
Canal (m/l):  start with an approximate calculated concentration (this will most likely 
need to be corrected later on)  
Pre-Equilibrium: this is a function of the potentiostat, and the default for BASi is 
enabled.  Pre-equilibrium means that the cell will be held at a the starting potential until 
the current levels off before the data collection begins. 
Geometry: For the electrodes we work with planar is a valid assumption, if you deviate 
from glassy carbon electrode please consult an expert.  Measure the area of the glassy 
carbon electrode (the small circle in the middle of the electrode) 
Diffusion:  Semi-infinite is also a valid assumption for the cell we work with, if you 
deviate from assuming semi-infinite consult an expert. 
Note: For the initial parameters it is not critical that you get everything correct  we are 
building an initial model. 
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Changing the Ru(Ohm) results in the slanted response in the current response of the 
CV (compare top with bottom) This number can also be found experimentally when 
performing the CV.   
The capacitance CdI(F) is how much the cell needs be charged before current begins 
to flow through the cell and results making the current response wider. Generally 1e-6 
is a good starting place. 
These values can be estimated and will likely need to be changed later to fit the real 
data. 
"#$%&'(!
)*$+(!
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Step 3 
• Click on the “Chemical Parameters” tab.  This is where we start to really 
simulate a CV.  We will use the Butler-Volmer equation to simulate the chemical 
processes.  The other equation used is the Markus equation, if you choose to 
use the Markus equation consult an expert.  
Butler-Volmer equation  
 
where: 
I: electrode current, A  
io: exchange current density, A/m2  
E: electrode potential, V  
Eeq: equilibrium potential, V  
A: electrode active surface area, m2  
T: absolute temperature, K  
n: number of electrons involved in the electrode reaction  
F: Faraday constant  
R: universal gas constant  
!: so-called symmetry factor, dimensionless  
Entering in parameters for a Butler-Volmer simulation: 
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Eo (V): Is the potential at which the electron transfer reaction is observed 
!: The symmetry factor and 0.5 is a fine approximation.  It has to do with the symmetry 
of the electron transfer reaction, a reasonable value will be between 0.2 and 0.7.   
ks: is the heterogeneous reaction constant.  
Simulation 
• Input approximate values of for many parameters as is applicable.     
• Using DPV (Differential Pulse Voltammetry) or taking the 1st Derivative of a CV 
cathodic current will give you excellent Eo values that can be entered into the 
program. 
• For  ! leaving the default value of 0.5 is a pretty good approximation. 
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• The default ks (1e4) assumes basically that the rate of electron transfer is very 
fast the result of a lower ks results in broader peaks.  I have found ks are 
generally around 1 
  
  
Changing the ks (top 1e4, bottom 0.001) changes the overall peak shape and the 
smaller the value the wider the current peak will be.  This value is scan rate 
independent, so in order to get a good value for this it will be important to fit data to 
several different scan rates.  
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The diffusion coefficient and the ks are closely related.  The default value is generally a 
good starting place.  However, if you have values for the diffusion coefficient for one of 
the parameters, from literature, then enter in those values.   
• Once we have a rough simulation we can continue onto fitting data, be sure to 
save the simulation as a .cvs file before continuing  
FITTING DATA 
Now that we have a model we can begin to fit the data.  We have to prep the data for 
fitting.  
• File > import   
• Files of type > BAS (*.txt)  (to get .txt files from Chi or BASi you will need to 
convert the .bin files to .tex files)   
• Click: Import 
The import function will obtain the potential vs current as well as the scan rate, E-start, 
E-end, and E-switch from the .txt file.   
At first only start with importing a single voltammogram to fit, next you will need to 
export the data as a .use file, this is the file format that Digisim uses to fit the data and 
contains the information about the cell parameters.  (see box below, notes are  in bold) 
• Go to: File > export  
• Click “options” 
o Enter in values > click “ok” (these values will be written into the *.use file 
to be read by the program)  
• Click: Save as type: User Formate (*.use)   
 
! 163 
 
 
 
Troubleshooting: 
If you cannot import the .txt file you can export the simulation as a .use and then 
manually cut and paste in the raw potential vs Current data into the .use file.    And if 
values are not properly written into the file they can be manually entered into the file. 
"#$%&'!(%#)%*+,!-./.0.1!2.3-420!!!!!!!
(%#)%*+!5'%"6#7,!89:;!
<6='!>?(',!@A!
!
'B('%6+'7>*=!(*%*+'>'%",!!"#$!%&!'()*!)+$,-./0),+!)*!,10/)+#2!$-,.!0(#!&030!$)4#!
C">*%>!DAE,!:!! ! ! !
C"F6>&G!DAE,!H9I!! ! !
C'7J!DAE,!KH9I! ! ! !
5!DAL"E,!I9::M! ! !!!!!!!!!!!!!!!
>'+('%*>$%'!DNE,!IOP9I!!!!!!"#$!5&!'()*!)+$,&!)*!6-)00#+!)+0,!0(#!$)4#!$-,.!0(#!78!9/-/.#0#-*!6)+2,6!
Q$!D4G+"E,!:!!!:#$/;40!
@J=!DRE,!:!!!!!!!!!!:#$/;40!
&?&='",!I!
'='&>%#J'!)'#+'>%?,!(=*7*%!
*%'*!D&+IE,!H!
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!
"('&6'"!(*%*+'>'%",!
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!
J*>*!">*>6">6&",!
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!
'B('%6+'7>*=!@A!&$%5',! ! ! '()*!)*!0(#!-/6!2/0/!,10/)+#2!$-,.!0(#!78!&030!$)4#!
7$+W'%!#<!CDAEX!.DVE!&#$(='",!IYH!!!
:9::I!X!I9;HHCK::P!
:9::Y!X!KH9HHZCK::Z!
:9::Z!X!KH9MOMCK::Z!
:9::P!X!KI988MCK::Z!
:9:H!X!KI9OI8CK::Z!
:9:HI!X!K898;;CK::Z!
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Continue Fitting 
Now that we have the raw data into a file format that is compatible with the software 
we can begin to fit a simulation to real data. 
• File > Select Files (see figure below) 
 
• Highlight the files that are going to be fitted to your simulation 
• Click: Add to List >  OK 
Now to begin fitting: 
• Go to: Edit > CV Properties > Chemical Parameters > check a box (usually one 
of the Eo) > a window will pop up click “select”  > Click “Ok” 
• Click on the “Fitting” icon or  go to: Run > Fitting 
• The fitting will adjust the Eo as well as display the real data (green) over the 
simulated data (black) (see below) 
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• Go to: Edit > CV Properties > Chemical Parameters > uncheck the box  > a 
window will pop up click “unselect”  > Click “Ok” 
• We can now fix the CV-Parameters through manual systematic manipulations of 
the CV-parameters 
1. Press Ctrl-R 
2. Go to: CV-Parameters > being to input values in order to get the 
simulation to fit the real data better > change Concentration than try 
fitting Ru(Ohm), CdI(F) > click “OK > this will remove the images from the 
screen > click on simulate icon 
3. Repeat steps 1 and 2 until the data lines up through visual inspection (see 
below) 
4. Save the new simulation 
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• Now that we have a better idea of the CV-Parameters we need to fix these 
values in the .use file, this is done by opening the *.use file using textedit or 
notebook program  
o Open: *.use  > input the new values (in green) 
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o Close Textedit window > save file 
The fitting program reads the CV-parameters information from the *.use file therefore if 
you want to change the concentration or Ru then you will need to go into the *.use file 
to change these parameters. 
 Now that we have a better idea of the CV-Parameters we can now obtain *.use files for 
all the raw data: 
• File > New  
• File > import   
• Files of type > BAS (*.txt)  (to get .txt files from Chi or BASi you will need to 
convert the .bin files to .tex files)  you can import multiple files  
• Click: Import 
"#$%&'!(%#)%*+,!-./.0.1!2.3-420!
(%#)%*+!5'%"6#7,!89:;!
<6='!>?(',!@A!
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!
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:9::K!Z!K9WKHCJ::W!
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• File > Export or Ctrl-E, do this for every single voltammogram you want to fit 
o This will result in a *.use file on the left 
o Open up the *.use file that has the desired CV-Parameters that we have 
just finished working with and cut the part shown in green and paste it 
into the *.use files for all the files you intend to use. 
   
Trouble shooting:  I found that sometimes not all the data would show up, the best 
thing to do is to open up the *.use file and manually paste in potential vs Current data 
along with the number of couples,  the program will only look at the data up to the 
number that is given for the number of couples, which means that if your experimental 
CVs have different values for this then the program will cut the data short. 
Fitting 
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!
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• File > Select Files (select all files to fit against) 
• Click: “ok” 
• Press: Ctrl-T, 
o  adjust desired fitting parameter, the smaller dS/S the better the fit, the 
number of iterations will depend on how complicated the fitting is (10 is a 
good start but if it goes fast then you can bump the number up to 50), 
potential steps use default but if the data is terminating too quickly then 
you can make the potential steps smaller (0.001 worked for me nicely) 
• Ctrl-R and then systematically click the parameters you wish to fit 
o Start off by checking the E (V) and fit the E(1/2) potentials.   
o Uncheck the Eo boxes and then check the ks boxes and fit the 
heterogeneous reaction rate,  if the values are not fitting very well try a 
more reasonable value such as 0.5 
o The alpha value I left as 0.5 this is a fine assumption, you can try fitting 
this parameter but I found that after several refinements the values 
became unreasonable (anything outside 0.9 to 0.1 can be considered 
unreasonable).  
o Next fit the diffusion coeff.  you can assume that the diffusion coefficient 
is coupled for the same species, if you added in another reactant that is 
not the complex of interest then it will have a different diffusion 
coefficient.    
o Then go back and refine more parameters together such as E values and 
ks, etc etc.  Make sure not to refine too many parameter at once until you 
have good values already.  
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• Once you have refined several least squared models select all of the parameters 
you have refined and go to “fitting parameters” > iterations to 1 in order to 
obtain the statistics for your model. 
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Appendix D. Crystal Tables 
Table D.1.   Crystal data and structure refinement for 2.1F. 
Identification code  ga34pas 
Empirical formula  C
31
 H39 F3 Ir N O 
Formula weight  690.83 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c   
Unit cell dimensions a = 10.9623(2) Å a= 90°. 
 b = 22.1940(5) Å b= 112.1540(10)°. 
 c = 12.8804(3) Å g = 90°. 
Volume 2902.41(11) Å3 
Z 4 
Density (calculated) 1.581 Mg/m3 
Absorption coefficient 4.643 mm-1 
F(000) 1376 
Crystal size 0.21 x 0.16 x 0.06 mm3 
Theta range for data collection 1.84 to 32.11°. 
Index ranges -16<=h<=16, -33<=k<=33, -18<=l<=18 
Reflections collected 39922 
Independent reflections 9761 [R(int) = 0.0382] 
Completeness to theta = 32.11° 96.0 %  
Absorption correction Integration 
Max. and min. transmission 0.7585 and 0.4005 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9761 / 165 / 382 
Goodness-of-fit on F2 1.036 
Final R indices [I>2sigma(I)] R1 = 0.0349, wR2 = 0.0827 
R indices (all data) R1 = 0.0559, wR2 = 0.0925 
Largest diff. peak and hole 2.239 and -1.196 e.Å-3 
Table D.2.   Bond lengths [Å] and angles [°] for  2.1F. 
_____________________________________________________  
Ir(1)-N(1)  1.963(4) 
Ir(1)-O(1)  1.996(3) 
Ir(1)-C(5)  2.142(4) 
Ir(1)-C(1)  2.154(4) 
Ir(1)-C(3)  2.166(4) 
Ir(1)-C(2)  2.169(4) 
Ir(1)-C(4)  2.177(4) 
O(1)-C(11)  1.342(4) 
N(1)-C(16)  1.393(5) 
N(1)-C(17)  1.463(6) 
C(1)-C(2)  1.412(6) 
C(1)-C(5)  1.444(7) 
C(1)-C(6)  1.499(6) 
C(2)-C(3)  1.434(6) 
C(2)-C(7)  1.497(7) 
C(3)-C(4)  1.410(7) 
C(3)-C(8)  1.516(7) 
C(4)-C(5)  1.442(7) 
C(4)-C(9)  1.510(7) 
C(5)-C(10)  1.485(7) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-H(7A)  0.9800 
C(7)-H(7B)  0.9800 
C(7)-H(7C)  0.9800 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-C(16)  1.407(5) 
Table D.2 (cont.)!
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C(11)-C(12)  1.416(5) 
C(12)-C(13)  1.396(6) 
C(12)-C(23)  1.528(6) 
C(13)-C(14)  1.396(6) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.388(5) 
C(14)-C(27)  1.537(6) 
C(15)-C(16)  1.395(6) 
C(15)-H(15)  0.9500 
C(17)-C(18)  1.347(7) 
C(17)-C(22)  1.428(7) 
C(18)-C(19)  1.418(7) 
C(18)-C(32)  1.485(10) 
C(18)-C(31)  1.498(9) 
C(19)-C(20)  1.337(8) 
C(19)-H(19)  0.9500 
C(20)-C(21)  1.444(9) 
C(20)-H(20)  0.9500 
C(21)-C(22)  1.380(7) 
C(21)-H(21)  0.9500 
C(22)-H(22)  0.9500 
C(23)-C(24)  1.528(7) 
C(23)-C(25)  1.533(7) 
C(23)-C(26)  1.541(6) 
C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-H(25A)  0.9800 
C(25)-H(25B)  0.9800 
C(25)-H(25C)  0.9800 
C(26)-H(26A)  0.9800 
C(26)-H(26B)  0.9800 
C(26)-H(26C)  0.9800 
C(27)-C(29)  1.532(6) 
C(27)-C(30)  1.532(6) 
C(27)-C(28)  1.548(6) 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-H(30A)  0.9800 
C(30)-H(30B)  0.9800 
C(30)-H(30C)  0.9800 
C(31)-F(3)  1.330(7) 
C(31)-F(2)  1.349(7) 
C(31)-F(1)  1.353(7) 
C(32)-F(6)  1.327(7) 
C(32)-F(5)  1.331(7) 
C(32)-F(4)  1.346(7) 
 
N(1)-Ir(1)-O(1) 79.14(12) 
N(1)-Ir(1)-C(5) 132.72(17) 
O(1)-Ir(1)-C(5) 125.20(16) 
N(1)-Ir(1)-C(1) 112.30(15) 
O(1)-Ir(1)-C(1) 164.44(16) 
C(5)-Ir(1)-C(1) 39.28(18) 
N(1)-Ir(1)-C(3) 151.43(17) 
O(1)-Ir(1)-C(3) 110.64(14) 
C(5)-Ir(1)-C(3) 64.50(17) 
C(1)-Ir(1)-C(3) 64.62(16) 
N(1)-Ir(1)-C(2) 120.60(16) 
O(1)-Ir(1)-C(2) 145.28(14) 
C(5)-Ir(1)-C(2) 64.56(17) 
C(1)-Ir(1)-C(2) 38.13(17) 
C(3)-Ir(1)-C(2) 38.63(17) 
N(1)-Ir(1)-C(4) 169.70(18) 
O(1)-Ir(1)-C(4) 101.59(14) 
C(5)-Ir(1)-C(4) 38.99(19) 
C(1)-Ir(1)-C(4) 65.21(16) 
C(3)-Ir(1)-C(4) 37.90(18) 
C(2)-Ir(1)-C(4) 64.27(17) 
C(11)-O(1)-Ir(1) 116.0(2) 
C(16)-N(1)-C(17) 117.6(3) 
C(16)-N(1)-Ir(1) 116.6(3) 
C(17)-N(1)-Ir(1) 124.6(3) 
C(2)-C(1)-C(5) 107.5(4) 
C(2)-C(1)-C(6) 126.7(5) 
C(5)-C(1)-C(6) 125.7(5) 
C(2)-C(1)-Ir(1) 71.5(2) 
C(5)-C(1)-Ir(1) 69.9(2) 
C(6)-C(1)-Ir(1) 127.5(3) 
C(1)-C(2)-C(3) 108.4(4) 
C(1)-C(2)-C(7) 125.2(5) 
C(3)-C(2)-C(7) 126.3(5) 
C(1)-C(2)-Ir(1) 70.3(2) 
C(3)-C(2)-Ir(1) 70.6(2) 
C(7)-C(2)-Ir(1) 128.0(3) 
C(4)-C(3)-C(2) 108.7(4) 
C(4)-C(3)-C(8) 125.8(5) 
C(2)-C(3)-C(8) 125.4(5) 
C(4)-C(3)-Ir(1) 71.4(2) 
C(2)-C(3)-Ir(1) 70.8(2) 
C(8)-C(3)-Ir(1) 125.8(3) 
C(3)-C(4)-C(5) 107.4(4) 
C(3)-C(4)-C(9) 125.6(5) 
C(5)-C(4)-C(9) 126.9(5) 
C(3)-C(4)-Ir(1) 70.6(2) 
C(5)-C(4)-Ir(1) 69.2(2) 
C(9)-C(4)-Ir(1) 121.9(3) 
C(4)-C(5)-C(1) 107.9(4) 
C(4)-C(5)-C(10) 125.1(5) 
C(1)-C(5)-C(10) 126.7(5) 
C(4)-C(5)-Ir(1) 71.8(2) 
C(1)-C(5)-Ir(1) 70.8(2) 
C(10)-C(5)-Ir(1) 127.4(3) 
C(1)-C(6)-H(6A) 109.5 
C(1)-C(6)-H(6B) 109.5 
H(6A)-C(6)-H(6B) 109.5 
C(1)-C(6)-H(6C) 109.5 
H(6A)-C(6)-H(6C) 109.5 
H(6B)-C(6)-H(6C) 109.5 
C(2)-C(7)-H(7A) 109.5 
C(2)-C(7)-H(7B) 109.5 
H(7A)-C(7)-H(7B) 109.5 
C(2)-C(7)-H(7C) 109.5 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
C(3)-C(8)-H(8A) 109.5 
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C(3)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
C(3)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
C(4)-C(9)-H(9A) 109.5 
C(4)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
C(4)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(5)-C(10)-H(10A) 109.5 
C(5)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(5)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
O(1)-C(11)-C(16) 115.6(3) 
O(1)-C(11)-C(12) 124.3(3) 
C(16)-C(11)-C(12) 120.1(3) 
C(13)-C(12)-C(11) 116.3(3) 
C(13)-C(12)-C(23) 122.8(4) 
C(11)-C(12)-C(23) 120.9(4) 
C(12)-C(13)-C(14) 123.9(4) 
C(12)-C(13)-H(13) 118.0 
C(14)-C(13)-H(13) 118.0 
C(15)-C(14)-C(13) 118.8(4) 
C(15)-C(14)-C(27) 122.2(4) 
C(13)-C(14)-C(27) 119.0(3) 
C(14)-C(15)-C(16) 119.2(4) 
C(14)-C(15)-H(15) 120.4 
C(16)-C(15)-H(15) 120.4 
N(1)-C(16)-C(15) 125.9(4) 
N(1)-C(16)-C(11) 112.6(3) 
C(15)-C(16)-C(11) 121.4(3) 
C(18)-C(17)-C(22) 118.6(5) 
C(18)-C(17)-N(1) 122.5(5) 
C(22)-C(17)-N(1) 118.9(4) 
C(17)-C(18)-C(19) 119.6(5) 
C(17)-C(18)-C(32) 123.6(6) 
C(19)-C(18)-C(32) 116.8(5) 
C(17)-C(18)-C(31) 122.4(5) 
C(19)-C(18)-C(31) 118.0(5) 
C(20)-C(19)-C(18) 121.4(5) 
C(20)-C(19)-H(19) 119.3 
C(18)-C(19)-H(19) 119.3 
C(19)-C(20)-C(21) 121.9(5) 
C(19)-C(20)-H(20) 119.0 
C(21)-C(20)-H(20) 119.0 
C(22)-C(21)-C(20) 114.7(5) 
C(22)-C(21)-H(21) 122.6 
C(20)-C(21)-H(21) 122.6 
C(21)-C(22)-C(17) 123.7(5) 
C(21)-C(22)-H(22) 118.1 
C(17)-C(22)-H(22) 118.1 
C(12)-C(23)-C(24) 109.9(4) 
C(12)-C(23)-C(25) 110.0(4) 
C(24)-C(23)-C(25) 109.6(4) 
C(12)-C(23)-C(26) 111.3(4) 
C(24)-C(23)-C(26) 108.6(4) 
C(25)-C(23)-C(26) 107.3(4) 
C(23)-C(24)-H(24A) 109.5 
C(23)-C(24)-H(24B) 109.5 
H(24A)-C(24)-H(24B) 109.5 
C(23)-C(24)-H(24C) 109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
C(23)-C(25)-H(25A) 109.5 
C(23)-C(25)-H(25B) 109.5 
H(25A)-C(25)-H(25B) 109.5 
C(23)-C(25)-H(25C) 109.5 
H(25A)-C(25)-H(25C) 109.5 
H(25B)-C(25)-H(25C) 109.5 
C(23)-C(26)-H(26A) 109.5 
C(23)-C(26)-H(26B) 109.5 
H(26A)-C(26)-H(26B) 109.5 
C(23)-C(26)-H(26C) 109.5 
H(26A)-C(26)-H(26C) 109.5 
H(26B)-C(26)-H(26C) 109.5 
C(29)-C(27)-C(30) 108.4(4) 
C(29)-C(27)-C(14) 110.4(4) 
C(30)-C(27)-C(14) 112.1(3) 
C(29)-C(27)-C(28) 110.3(4) 
C(30)-C(27)-C(28) 107.5(4) 
C(14)-C(27)-C(28) 108.1(4) 
C(27)-C(28)-H(28A) 109.5 
C(27)-C(28)-H(28B) 109.5 
H(28A)-C(28)-H(28B) 109.5 
C(27)-C(28)-H(28C) 109.5 
H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 
C(27)-C(29)-H(29A) 109.5 
C(27)-C(29)-H(29B) 109.5 
H(29A)-C(29)-H(29B) 109.5 
C(27)-C(29)-H(29C) 109.5 
H(29A)-C(29)-H(29C) 109.5 
H(29B)-C(29)-H(29C) 109.5 
C(27)-C(30)-H(30A) 109.5 
C(27)-C(30)-H(30B) 109.5 
H(30A)-C(30)-H(30B) 109.5 
C(27)-C(30)-H(30C) 109.5 
H(30A)-C(30)-H(30C) 109.5 
H(30B)-C(30)-H(30C) 109.5 
F(3)-C(31)-F(2) 104.9(6) 
F(3)-C(31)-F(1) 104.7(7) 
F(2)-C(31)-F(1) 103.3(6) 
F(3)-C(31)-C(18) 115.5(6) 
F(2)-C(31)-C(18) 113.6(6) 
F(1)-C(31)-C(18) 113.7(6) 
F(6)-C(32)-F(5) 107.6(8) 
F(6)-C(32)-F(4) 104.5(8) 
F(5)-C(32)-F(4) 105.1(8) 
F(6)-C(32)-C(18) 116.8(8) 
F(5)-C(32)-C(18) 110.4(8) 
F(4)-C(32)-C(18) 111.6(8) 
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Table D.3.    Crystal data and structure refinement for 2.2F. 
Identification code  ga32pas 
Empirical formula  C31 H39 F3 N O Rh 
Formula weight  601.54 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 13.1601(3) Å a= 90°. 
 b = 10.9306(2) Å b= 93.5720(10)°. 
 c = 20.2389(5) Å g = 90°. 
Volume 2905.67(11) Å3 
Z 4 
Density (calculated) 1.375 Mg/m3 
Absorption coefficient 0.630 mm-1 
F(000) 1248 
Crystal size 0.38 x 0.10 x 0.04 mm3 
Theta range for data collection 1.80 to 25.71°. 
Index ranges -16<=h<=16, -13<=k<=13, -24<=l<=24 
Reflections collected 4757 
Independent reflections 5536 [R(int) = 0.0512] 
Completeness to theta = 25.71° 100.0 %  
Absorption correction Integration 
Max. and min. transmission 0.97576 and 0.84054 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5536 / 0 / 345 
Goodness-of-fit on F2 1.008 
Final R indices [I>2sigma(I)] R1 = 0.0322, wR2 = 0.0674 
R indices (all data) R1 = 0.0537, wR2 = 0.0751 
Largest diff. peak and hole 0.452 and -0.386 e.Å-3 
Table D.4.   Bond lengths [Å] and angles [°] for 2.2F. 
C(1)-C(2)  1.429(4) 
C(1)-C(5)  1.433(4) 
C(1)-C(6)  1.500(4) 
C(1)-Rh(1)  2.178(3) 
C(2)-C(3)  1.425(4) 
C(2)-C(7)  1.495(4) 
C(2)-Rh(1)  2.167(3) 
C(3)-C(4)  1.435(4) 
C(3)-C(8)  1.502(4) 
C(3)-Rh(1)  2.138(3) 
C(4)-C(5)  1.429(4) 
C(4)-C(9)  1.499(4) 
C(4)-Rh(1)  2.137(3) 
C(5)-C(10)  1.490(4) 
C(5)-Rh(1)  2.166(3) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-H(7A)  0.9800 
C(7)-H(7B)  0.9800 
C(7)-H(7C)  0.9800 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-O(1)  1.332(3) 
C(11)-C(16)  1.405(4) 
C(11)-C(12)  1.419(4) 
C(12)-C(13)  1.390(4) 
C(12)-C(23)  1.529(4) 
C(13)-C(14)  1.403(4) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.378(4) 
C(14)-C(27)  1.543(4) 
C(15)-C(16)  1.398(4) 
C(15)-H(15)  0.9500 
C(16)-N(1)  1.390(3) 
C(17)-C(22)  1.394(4) 
C(17)-C(18)  1.396(4) 
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C(17)-N(1)  1.422(3) 
C(18)-C(19)  1.388(4) 
C(18)-C(31)  1.493(4) 
C(19)-C(20)  1.390(5) 
C(19)-H(19)  0.9500 
C(20)-C(21)  1.377(5) 
C(20)-H(20)  0.9500 
C(21)-C(22)  1.381(4) 
C(21)-H(21)  0.9500 
C(22)-H(22)  0.9500 
C(23)-C(25)  1.534(4) 
C(23)-C(26)  1.539(4) 
C(23)-C(24)  1.540(4) 
C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-H(25A)  0.9800 
C(25)-H(25B)  0.9800 
C(25)-H(25C)  0.9800 
C(26)-H(26A)  0.9800 
C(26)-H(26B)  0.9800 
C(26)-H(26C)  0.9800 
C(27)-C(29)  1.514(5) 
C(27)-C(28)  1.526(4) 
C(27)-C(30)  1.532(5) 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-H(30A)  0.9800 
C(30)-H(30B)  0.9800 
C(30)-H(30C)  0.9800 
C(31)-F(1)  1.331(4) 
C(31)-F(3)  1.333(4) 
C(31)-F(2)  1.335(4) 
N(1)-Rh(1)  1.958(2) 
O(1)-Rh(1)  2.0032(18) 
 
C(2)-C(1)-C(5) 108.7(3) 
C(2)-C(1)-C(6) 126.5(3) 
C(5)-C(1)-C(6) 124.8(3) 
C(2)-C(1)-Rh(1) 70.39(16) 
C(5)-C(1)-Rh(1) 70.28(16) 
C(6)-C(1)-Rh(1) 127.5(2) 
C(3)-C(2)-C(1) 107.5(3) 
C(3)-C(2)-C(7) 126.2(3) 
C(1)-C(2)-C(7) 126.3(3) 
C(3)-C(2)-Rh(1) 69.55(16) 
C(1)-C(2)-Rh(1) 71.22(17) 
C(7)-C(2)-Rh(1) 124.4(2) 
C(2)-C(3)-C(4) 108.3(3) 
C(2)-C(3)-C(8) 126.5(3) 
C(4)-C(3)-C(8) 125.2(3) 
C(2)-C(3)-Rh(1) 71.80(17) 
C(4)-C(3)-Rh(1) 70.36(16) 
C(8)-C(3)-Rh(1) 124.6(2) 
C(5)-C(4)-C(3) 108.0(3) 
C(5)-C(4)-C(9) 125.8(3) 
C(3)-C(4)-C(9) 126.1(3) 
C(5)-C(4)-Rh(1) 71.70(15) 
C(3)-C(4)-Rh(1) 70.40(16) 
C(9)-C(4)-Rh(1) 125.2(2) 
C(4)-C(5)-C(1) 107.4(3) 
C(4)-C(5)-C(10) 127.0(3) 
C(1)-C(5)-C(10) 125.4(3) 
C(4)-C(5)-Rh(1) 69.53(15) 
C(1)-C(5)-Rh(1) 71.21(16) 
C(10)-C(5)-Rh(1) 128.4(2) 
C(1)-C(6)-H(6A) 109.5 
C(1)-C(6)-H(6B) 109.5 
H(6A)-C(6)-H(6B) 109.5 
C(1)-C(6)-H(6C) 109.5 
H(6A)-C(6)-H(6C) 109.5 
H(6B)-C(6)-H(6C) 109.5 
C(2)-C(7)-H(7A) 109.5 
C(2)-C(7)-H(7B) 109.5 
H(7A)-C(7)-H(7B) 109.5 
C(2)-C(7)-H(7C) 109.5 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
C(3)-C(8)-H(8A) 109.5 
C(3)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
C(3)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
C(4)-C(9)-H(9A) 109.5 
C(4)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
C(4)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(5)-C(10)-H(10A) 109.5 
C(5)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(5)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
O(1)-C(11)-C(16) 116.4(2) 
O(1)-C(11)-C(12) 123.8(2) 
C(16)-C(11)-C(12) 119.8(2) 
C(13)-C(12)-C(11) 116.9(2) 
C(13)-C(12)-C(23) 122.7(2) 
C(11)-C(12)-C(23) 120.3(2) 
C(12)-C(13)-C(14) 123.9(3) 
C(12)-C(13)-H(13) 118.1 
C(14)-C(13)-H(13) 118.1 
C(15)-C(14)-C(13) 118.3(3) 
C(15)-C(14)-C(27) 121.0(3) 
C(13)-C(14)-C(27) 120.7(2) 
C(14)-C(15)-C(16) 120.1(3) 
C(14)-C(15)-H(15) 119.9 
C(16)-C(15)-H(15) 119.9 
N(1)-C(16)-C(15) 125.7(2) 
N(1)-C(16)-C(11) 113.2(2) 
C(15)-C(16)-C(11) 121.0(2) 
C(22)-C(17)-C(18) 118.1(3) 
C(22)-C(17)-N(1) 118.9(3) 
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C(18)-C(17)-N(1) 122.9(3) 
C(19)-C(18)-C(17) 120.2(3) 
C(19)-C(18)-C(31) 119.0(3) 
C(17)-C(18)-C(31) 120.7(3) 
C(18)-C(19)-C(20) 120.7(3) 
C(18)-C(19)-H(19) 119.7 
C(20)-C(19)-H(19) 119.7 
C(21)-C(20)-C(19) 119.4(3) 
C(21)-C(20)-H(20) 120.3 
C(19)-C(20)-H(20) 120.3 
C(20)-C(21)-C(22) 120.1(3) 
C(20)-C(21)-H(21) 120.0 
C(22)-C(21)-H(21) 120.0 
C(21)-C(22)-C(17) 121.5(3) 
C(21)-C(22)-H(22) 119.3 
C(17)-C(22)-H(22) 119.3 
C(12)-C(23)-C(25) 109.7(2) 
C(12)-C(23)-C(26) 110.4(2) 
C(25)-C(23)-C(26) 109.3(2) 
C(12)-C(23)-C(24) 112.3(2) 
C(25)-C(23)-C(24) 107.2(2) 
C(26)-C(23)-C(24) 107.8(2) 
C(23)-C(24)-H(24A) 109.5 
C(23)-C(24)-H(24B) 109.5 
H(24A)-C(24)-H(24B) 109.5 
C(23)-C(24)-H(24C) 109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
C(23)-C(25)-H(25A) 109.5 
C(23)-C(25)-H(25B) 109.5 
H(25A)-C(25)-H(25B) 109.5 
C(23)-C(25)-H(25C) 109.5 
H(25A)-C(25)-H(25C) 109.5 
H(25B)-C(25)-H(25C) 109.5 
C(23)-C(26)-H(26A) 109.5 
C(23)-C(26)-H(26B) 109.5 
H(26A)-C(26)-H(26B) 109.5 
C(23)-C(26)-H(26C) 109.5 
H(26A)-C(26)-H(26C) 109.5 
H(26B)-C(26)-H(26C) 109.5 
C(29)-C(27)-C(28) 108.2(3) 
C(29)-C(27)-C(30) 110.9(3) 
C(28)-C(27)-C(30) 106.2(3) 
C(29)-C(27)-C(14) 108.5(3) 
C(28)-C(27)-C(14) 111.5(2) 
C(30)-C(27)-C(14) 111.5(3) 
C(27)-C(28)-H(28A) 109.5 
C(27)-C(28)-H(28B) 109.5 
H(28A)-C(28)-H(28B) 109.5 
C(27)-C(28)-H(28C) 109.5 
H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 
C(27)-C(29)-H(29A) 109.5 
C(27)-C(29)-H(29B) 109.5 
H(29A)-C(29)-H(29B) 109.5 
C(27)-C(29)-H(29C) 109.5 
H(29A)-C(29)-H(29C) 109.5 
H(29B)-C(29)-H(29C) 109.5 
C(27)-C(30)-H(30A) 109.5 
C(27)-C(30)-H(30B) 109.5 
H(30A)-C(30)-H(30B) 109.5 
C(27)-C(30)-H(30C) 109.5 
H(30A)-C(30)-H(30C) 109.5 
H(30B)-C(30)-H(30C) 109.5 
F(1)-C(31)-F(3) 104.6(3) 
F(1)-C(31)-F(2) 106.0(3) 
F(3)-C(31)-F(2) 106.1(3) 
F(1)-C(31)-C(18) 115.2(3) 
F(3)-C(31)-C(18) 112.5(3) 
F(2)-C(31)-C(18) 111.7(3) 
C(16)-N(1)-C(17) 119.4(2) 
C(16)-N(1)-Rh(1) 115.58(17) 
C(17)-N(1)-Rh(1) 123.84(17) 
C(11)-O(1)-Rh(1) 114.65(16) 
N(1)-Rh(1)-O(1) 80.02(8) 
N(1)-Rh(1)-C(4) 116.78(11) 
O(1)-Rh(1)-C(4) 142.90(10) 
N(1)-Rh(1)-C(3) 147.62(11) 
O(1)-Rh(1)-C(3) 109.29(10) 
C(4)-Rh(1)-C(3) 39.24(11) 
N(1)-Rh(1)-C(5) 111.16(10) 
O(1)-Rh(1)-C(5) 166.90(10) 
C(4)-Rh(1)-C(5) 38.77(10) 
C(3)-Rh(1)-C(5) 65.16(11) 
N(1)-Rh(1)-C(2) 171.85(10) 
O(1)-Rh(1)-C(2) 103.09(10) 
C(4)-Rh(1)-C(2) 65.18(11) 
C(3)-Rh(1)-C(2) 38.64(11) 
C(5)-Rh(1)-C(2) 64.91(12) 
N(1)-Rh(1)-C(1) 134.16(10) 
O(1)-Rh(1)-C(1) 128.61(10) 
C(4)-Rh(1)-C(1) 64.60(11) 
C(3)-Rh(1)-C(1) 64.45(11) 
C(5)-Rh(1)-C(1) 38.52(11) 
C(2)-Rh(1)-C(1) 38.39(11) 
 
Symmetry transformations used to generate equivalent atoms:  
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Table D.5.   Crystal data and structure refinement for 2.3F. 
Identification code  ga30uas 
Empirical formula  C31 H38 F3 N O Ru 
Formula weight  598.69 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/n   
Unit cell dimensions a = 13.3781(5) Å a= 90°. 
 b = 13.6069(5) Å b= 90.682(2)°. 
 c = 15.7050(5) Å g = 90°. 
Volume 2858.65(18) Å3 
Z 4 
Density (calculated) 1.391 Mg/m3 
Absorption coefficient 0.591 mm-1 
F(000) 1240 
Crystal size 0.22 x 0.17 x 0.06 mm3 
Theta range for data collection 1.98 to 25.82°. 
Index ranges -15<=h<=16, -16<=k<=16, -19<=l<=18 
Reflections collected 36118 
Independent reflections 5438 [R(int) = 0.0402] 
Completeness to theta = 25.82° 98.5 %  
Absorption correction Integration 
Max. and min. transmission 0.9676 and 0.8709 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5438 / 0 / 343 
Goodness-of-fit on F2 1.056 
Final R indices [I>2sigma(I)] R1 = 0.0261, wR2 = 0.0599 
R indices (all data) R1 = 0.0400, wR2 = 0.0671 
Largest diff. peak and hole 0.346 and -0.473 e.Å-3 
Table D.6.   Bond lengths [Å] and angles [°] for 2.3F. 
_____________________________________________________ 
Ru(1)-N(1)  1.9600(18) 
Ru(1)-O(1)  2.0032(15) 
Ru(1)-C(3)  2.165(2) 
Ru(1)-C(6)  2.176(2) 
Ru(1)-C(5)  2.178(2) 
Ru(1)-C(2)  2.204(2) 
Ru(1)-C(4)  2.218(2) 
Ru(1)-C(1)  2.232(2) 
N(1)-C(16)  1.396(3) 
N(1)-C(17)  1.425(3) 
O(1)-C(11)  1.338(3) 
F(1)-C(31)  1.347(3) 
F(2)-C(31)  1.345(3) 
F(3)-C(31)  1.332(3) 
C(1)-C(2)  1.410(4) 
C(1)-C(6)  1.419(3) 
C(1)-C(7)  1.511(3) 
C(2)-C(3)  1.418(3) 
C(2)-H(2)  1.0000 
C(3)-C(4)  1.420(4) 
C(3)-H(3)  1.0000 
C(4)-C(5)  1.406(4) 
C(4)-C(10)  1.508(3) 
C(5)-C(6)  1.415(3) 
C(5)-H(5)  1.0000 
C(6)-H(6)  1.0000 
C(7)-C(8)  1.514(4) 
C(7)-C(9)  1.536(4) 
C(7)-H(7)  1.0000 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-C(16)  1.403(3) 
C(11)-C(12)  1.415(3) 
C(12)-C(13)  1.391(3) 
C(12)-C(23)  1.534(3) 
C(13)-C(14)  1.414(3) 
C(13)-H(13)  0.9500 
Table D.6 (cont.) 
 
  !178 
C(14)-C(15)  1.379(3) 
C(14)-C(27)  1.538(3) 
C(15)-C(16)  1.399(3) 
C(15)-H(15)  0.9500 
C(17)-C(22)  1.388(3) 
C(17)-C(18)  1.404(3) 
C(18)-C(19)  1.394(3) 
C(18)-C(31)  1.495(4) 
C(19)-C(20)  1.375(4) 
C(19)-H(19)  0.9500 
C(20)-C(21)  1.380(4) 
C(20)-H(20)  0.9500 
C(21)-C(22)  1.392(3) 
C(21)-H(21)  0.9500 
C(22)-H(22)  0.9500 
C(23)-C(24)  1.533(3) 
C(23)-C(26)  1.533(3) 
C(23)-C(25)  1.539(3) 
C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-H(25A)  0.9800 
C(25)-H(25B)  0.9800 
C(25)-H(25C)  0.9800 
C(26)-H(26A)  0.9800 
C(26)-H(26B)  0.9800 
C(26)-H(26C)  0.9800 
C(27)-C(29)  1.529(4) 
C(27)-C(28)  1.532(4) 
C(27)-C(30)  1.531(4) 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-H(30A)  0.9800 
C(30)-H(30B)  0.9800 
C(30)-H(30C)  0.9800 
 
N(1)-Ru(1)-O(1) 79.38(7) 
N(1)-Ru(1)-C(3) 120.65(9) 
O(1)-Ru(1)-C(3) 134.19(8) 
N(1)-Ru(1)-C(6) 136.98(9) 
O(1)-Ru(1)-C(6) 114.12(8) 
C(3)-Ru(1)-C(6) 80.32(10) 
N(1)-Ru(1)-C(5) 111.22(8) 
O(1)-Ru(1)-C(5) 148.10(8) 
C(3)-Ru(1)-C(5) 67.65(10) 
C(6)-Ru(1)-C(5) 37.94(9) 
N(1)-Ru(1)-C(2) 151.84(9) 
O(1)-Ru(1)-C(2) 105.20(8) 
C(3)-Ru(1)-C(2) 37.85(9) 
C(6)-Ru(1)-C(2) 67.31(9) 
C(5)-Ru(1)-C(2) 79.86(9) 
N(1)-Ru(1)-C(4) 104.43(8) 
O(1)-Ru(1)-C(4) 171.97(8) 
C(3)-Ru(1)-C(4) 37.79(10) 
C(6)-Ru(1)-C(4) 68.04(9) 
C(5)-Ru(1)-C(4) 37.29(10) 
C(2)-Ru(1)-C(4) 68.07(9) 
N(1)-Ru(1)-C(1) 170.93(8) 
O(1)-Ru(1)-C(1) 96.75(7) 
C(3)-Ru(1)-C(1) 67.87(9) 
C(6)-Ru(1)-C(1) 37.54(9) 
C(5)-Ru(1)-C(1) 67.99(9) 
C(2)-Ru(1)-C(1) 37.07(9) 
C(4)-Ru(1)-C(1) 80.46(9) 
C(16)-N(1)-C(17) 117.13(17) 
C(16)-N(1)-Ru(1) 116.29(14) 
C(17)-N(1)-Ru(1) 126.34(14) 
C(11)-O(1)-Ru(1) 115.48(13) 
C(2)-C(1)-C(6) 118.2(2) 
C(2)-C(1)-C(7) 122.0(2) 
C(6)-C(1)-C(7) 119.7(2) 
C(2)-C(1)-Ru(1) 70.41(13) 
C(6)-C(1)-Ru(1) 69.09(13) 
C(7)-C(1)-Ru(1) 129.52(16) 
C(1)-C(2)-C(3) 120.5(2) 
C(1)-C(2)-Ru(1) 72.52(13) 
C(3)-C(2)-Ru(1) 69.58(13) 
C(1)-C(2)-H(2) 119.1 
C(3)-C(2)-H(2) 119.1 
Ru(1)-C(2)-H(2) 119.1 
C(2)-C(3)-C(4) 121.4(2) 
C(2)-C(3)-Ru(1) 72.57(13) 
C(4)-C(3)-Ru(1) 73.12(14) 
C(2)-C(3)-H(3) 119.0 
C(4)-C(3)-H(3) 119.0 
Ru(1)-C(3)-H(3) 119.0 
C(5)-C(4)-C(3) 117.6(2) 
C(5)-C(4)-C(10) 121.6(3) 
C(3)-C(4)-C(10) 120.8(3) 
C(5)-C(4)-Ru(1) 69.79(13) 
C(3)-C(4)-Ru(1) 69.09(13) 
C(10)-C(4)-Ru(1) 131.07(17) 
C(4)-C(5)-C(6) 121.3(2) 
C(4)-C(5)-Ru(1) 72.92(14) 
C(6)-C(5)-Ru(1) 70.96(13) 
C(4)-C(5)-H(5) 118.8 
C(6)-C(5)-H(5) 118.8 
Ru(1)-C(5)-H(5) 118.8 
C(5)-C(6)-C(1) 120.9(2) 
C(5)-C(6)-Ru(1) 71.11(13) 
C(1)-C(6)-Ru(1) 73.38(13) 
C(5)-C(6)-H(6) 119.1 
C(1)-C(6)-H(6) 119.1 
Ru(1)-C(6)-H(6) 119.1 
C(8)-C(7)-C(1) 114.4(2) 
C(8)-C(7)-C(9) 110.0(2) 
C(1)-C(7)-C(9) 109.2(2) 
C(8)-C(7)-H(7) 107.6 
C(1)-C(7)-H(7) 107.6 
C(9)-C(7)-H(7) 107.6 
C(7)-C(8)-H(8A) 109.5 
C(7)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
C(7)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
Table D.6 (cont.) 
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C(7)-C(9)-H(9A) 109.5 
C(7)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
C(7)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(4)-C(10)-H(10A) 109.5 
C(4)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(4)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
O(1)-C(11)-C(16) 115.96(19) 
O(1)-C(11)-C(12) 123.9(2) 
C(16)-C(11)-C(12) 120.1(2) 
C(13)-C(12)-C(11) 116.5(2) 
C(13)-C(12)-C(23) 122.5(2) 
C(11)-C(12)-C(23) 120.99(19) 
C(12)-C(13)-C(14) 124.2(2) 
C(12)-C(13)-H(13) 117.9 
C(14)-C(13)-H(13) 117.9 
C(15)-C(14)-C(13) 117.9(2) 
C(15)-C(14)-C(27) 122.6(2) 
C(13)-C(14)-C(27) 119.5(2) 
C(14)-C(15)-C(16) 119.9(2) 
C(14)-C(15)-H(15) 120.0 
C(16)-C(15)-H(15) 120.0 
N(1)-C(16)-C(15) 125.8(2) 
N(1)-C(16)-C(11) 112.77(19) 
C(15)-C(16)-C(11) 121.38(19) 
C(22)-C(17)-C(18) 118.9(2) 
C(22)-C(17)-N(1) 118.6(2) 
C(18)-C(17)-N(1) 122.5(2) 
C(19)-C(18)-C(17) 119.5(2) 
C(19)-C(18)-C(31) 118.6(2) 
C(17)-C(18)-C(31) 121.9(2) 
C(20)-C(19)-C(18) 120.7(2) 
C(20)-C(19)-H(19) 119.7 
C(18)-C(19)-H(19) 119.7 
C(19)-C(20)-C(21) 120.4(2) 
C(19)-C(20)-H(20) 119.8 
C(21)-C(20)-H(20) 119.8 
C(20)-C(21)-C(22) 119.6(3) 
C(20)-C(21)-H(21) 120.2 
C(22)-C(21)-H(21) 120.2 
C(17)-C(22)-C(21) 120.9(2) 
C(17)-C(22)-H(22) 119.5 
C(21)-C(22)-H(22) 119.5 
C(24)-C(23)-C(12) 110.55(19) 
C(24)-C(23)-C(26) 107.3(2) 
C(12)-C(23)-C(26) 112.07(19) 
C(24)-C(23)-C(25) 109.3(2) 
C(12)-C(23)-C(25) 109.43(19) 
C(26)-C(23)-C(25) 108.1(2) 
C(23)-C(24)-H(24A) 109.5 
C(23)-C(24)-H(24B) 109.5 
H(24A)-C(24)-H(24B) 109.5 
C(23)-C(24)-H(24C) 109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
C(23)-C(25)-H(25A) 109.5 
C(23)-C(25)-H(25B) 109.5 
H(25A)-C(25)-H(25B) 109.5 
C(23)-C(25)-H(25C) 109.5 
H(25A)-C(25)-H(25C) 109.5 
H(25B)-C(25)-H(25C) 109.5 
C(23)-C(26)-H(26A) 109.5 
C(23)-C(26)-H(26B) 109.5 
H(26A)-C(26)-H(26B) 109.5 
C(23)-C(26)-H(26C) 109.5 
H(26A)-C(26)-H(26C) 109.5 
H(26B)-C(26)-H(26C) 109.5 
C(29)-C(27)-C(28) 109.3(2) 
C(29)-C(27)-C(30) 107.7(2) 
C(28)-C(27)-C(30) 108.2(2) 
C(29)-C(27)-C(14) 110.6(2) 
C(28)-C(27)-C(14) 108.8(2) 
C(30)-C(27)-C(14) 112.15(19) 
C(27)-C(28)-H(28A) 109.5 
C(27)-C(28)-H(28B) 109.5 
H(28A)-C(28)-H(28B) 109.5 
C(27)-C(28)-H(28C) 109.5 
H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 
C(27)-C(29)-H(29A) 109.5 
C(27)-C(29)-H(29B) 109.5 
H(29A)-C(29)-H(29B) 109.5 
C(27)-C(29)-H(29C) 109.5 
H(29A)-C(29)-H(29C) 109.5 
H(29B)-C(29)-H(29C) 109.5 
C(27)-C(30)-H(30A) 109.5 
C(27)-C(30)-H(30B) 109.5 
H(30A)-C(30)-H(30B) 109.5 
C(27)-C(30)-H(30C) 109.5 
H(30A)-C(30)-H(30C) 109.5 
H(30B)-C(30)-H(30C) 109.5 
F(3)-C(31)-F(2) 105.6(2) 
F(3)-C(31)-F(1) 105.8(2) 
F(2)-C(31)-F(1) 105.3(2) 
F(3)-C(31)-C(18) 115.0(2) 
F(2)-C(31)-C(18) 112.1(2) 
F(1)-C(31)-C(18) 112.3(2) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table D.7.   Crystal data and structure refinement for [2.1F]BArF4 . 
Identification code  ga93vas 
Empirical formula  C65 H55 B Cl4 F27 Ir N O 
Formula weight  1723.91 
Temperature  297(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1  
Unit cell dimensions a = 12.7251(3) Å a= 102.098(2)°. 
 b = 16.5921(4) Å b= 102.096(2)°. 
 c = 18.5918(5) Å g = 100.019(2)°. 
Volume 3654.24(16) Å3 
Z 2 
Density (calculated) 1.567 Mg/m3 
Absorption coefficient 2.082 mm-1 
F(000) 1706 
Crystal size 0.34 x 0.20 x 0.11 mm3 
Theta range for data collection 1.50 to 25.76°. 
Index ranges -15<=h<=15, -20<=k<=19, -22<=l<=22 
Reflections collected 45524 
Independent reflections 13774 [R(int) = 0.0516] 
Completeness to theta = 25.76° 98.3 %  
Absorption correction Integration 
Max. and min. transmission 0.8193 and 0.5720 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 13774 / 3824 / 1424 
Goodness-of-fit on F2 1.037 
Final R indices [I>2sigma(I)] R1 = 0.0657, wR2 = 0.1574 
R indices (all data) R1 = 0.1112, wR2 = 0.1819 
Largest diff. peak and hole 3.233 and -1.278 e.Å-3 
Table D.8.   Bond lengths [Å] and angles [°] for [2.1F]BArF4. 
_____________________________________________________ 
Ir(1)-N(1)  2.010(6) 
Ir(1)-O(1)  2.045(5) 
Ir(1)-C(5)  2.119(9) 
Ir(1)-C(4)  2.138(8) 
Ir(1)-C(3)  2.140(7) 
Ir(1)-C(1)  2.150(8) 
Ir(1)-C(2)  2.158(8) 
N(1)-C(12)  1.343(9) 
N(1)-C(25)  1.456(9) 
O(1)-C(11)  1.287(8) 
C(1)-C(2)  1.411(12) 
C(1)-C(5)  1.413(13) 
C(1)-C(6)  1.508(12) 
C(2)-C(3)  1.428(11) 
C(2)-C(7)  1.500(12) 
C(3)-C(4)  1.418(11) 
C(3)-C(8)  1.513(11) 
C(4)-C(5)  1.447(12) 
C(4)-C(9)  1.474(12) 
C(5)-C(10)  1.538(13) 
C(6)-H(6A)  0.9600 
C(6)-H(6B)  0.9600 
C(6)-H(6C)  0.9600 
C(7)-H(7A)  0.9600 
C(7)-H(7B)  0.9600 
C(7)-H(7C)  0.9600 
C(8)-H(8A)  0.9600 
C(8)-H(8B)  0.9600 
C(8)-H(8C)  0.9600 
C(9)-H(9A)  0.9600 
C(9)-H(9B)  0.9600 
C(9)-H(9C)  0.9600 
C(10)-H(10A)  0.9600 
C(10)-H(10B)  0.9600 
C(10)-H(10C)  0.9600 
C(11)-C(16)  1.428(10) 
C(11)-C(12)  1.452(9) 
C(12)-C(13)  1.398(10) 
C(13)-C(14)  1.363(10) 
C(13)-H(13)  0.9300 
C(14)-C(15)  1.454(11) 
C(14)-C(17)  1.520(11) 
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C(15)-C(16)  1.371(10) 
C(15)-H(15)  0.9300 
C(16)-C(21)  1.529(11) 
C(17)-C(19)  1.527(14) 
C(17)-C(20)  1.529(13) 
C(17)-C(18)  1.536(13) 
C(18)-H(18A)  0.9600 
C(18)-H(18B)  0.9600 
C(18)-H(18C)  0.9600 
C(19)-H(19A)  0.9600 
C(19)-H(19B)  0.9600 
C(19)-H(19C)  0.9600 
C(20)-H(20A)  0.9600 
C(20)-H(20B)  0.9600 
C(20)-H(20C)  0.9600 
C(21)-C(23)  1.508(14) 
C(21)-C(24)  1.535(12) 
C(21)-C(22)  1.554(14) 
C(22)-H(22A)  0.9600 
C(22)-H(22B)  0.9600 
C(22)-H(22C)  0.9600 
C(23)-H(23A)  0.9600 
C(23)-H(23B)  0.9600 
C(23)-H(23C)  0.9600 
C(24)-H(24A)  0.9600 
C(24)-H(24B)  0.9600 
C(24)-H(24C)  0.9600 
C(25)-C(26)  1.388(11) 
C(25)-C(30)  1.396(11) 
C(26)-C(27)  1.357(13) 
C(26)-H(26)  0.9300 
C(27)-C(28)  1.372(16) 
C(27)-H(27)  0.9300 
C(28)-C(29)  1.386(16) 
C(28)-H(28)  0.9300 
C(29)-C(30)  1.387(12) 
C(29)-H(29)  0.9300 
C(30)-C(31)  1.489(13) 
C(31)-F(1)  1.309(10) 
C(31)-F(2)  1.309(11) 
C(31)-F(3)  1.311(11) 
B11-C11  1.630(10) 
B11-C251  1.637(10) 
B11-C171  1.639(10) 
B11-C91  1.644(11) 
C11-C21  1.396(9) 
C11-C61  1.404(9) 
C21-C31  1.376(9) 
C21-H21  0.9300 
C31-C41  1.364(10) 
C31-C411  1.546(6) 
C31-C331  1.548(6) 
C31-C71  1.559(6) 
C41-C51  1.390(10) 
C41-H41  0.9300 
C51-C61  1.382(9) 
C51-C421  1.543(6) 
C51-C81  1.550(5) 
C51-C341  1.553(6) 
C61-H61  0.9300 
C71-F11  1.3359 
C71-F21  1.3360 
C71-F31  1.3360 
C81-F41  1.3359 
C81-F51  1.3359 
C81-F61  1.3359 
C331-F271  1.3358 
C331-F261  1.3359 
C331-F251  1.3362 
C341-F291  1.3360 
C341-F301  1.3360 
C341-F281  1.3361 
C411-F491  1.3358 
C411-F501  1.3359 
C411-F511  1.3360 
C421-F541  1.3357 
C421-F521  1.3362 
C421-F531  1.3363 
C91-C141  1.386(10) 
C91-C101  1.400(10) 
C101-C111  1.381(10) 
C101-H101  0.9300 
C111-C121  1.364(10) 
C111-C431  1.544(6) 
C111-C351  1.552(6) 
C111-C151  1.554(6) 
C121-C131  1.382(11) 
C121-H121  0.9300 
C131-C141  1.378(10) 
C131-C161  1.547(6) 
C131-C441  1.549(6) 
C131-C361  1.556(6) 
C141-H141  0.9300 
C151-F71  1.3359 
C151-F91  1.3360 
C151-F81  1.3360 
C161-F111  1.3359 
C161-F121  1.3360 
C161-F101  1.3360 
C351-F311  1.3358 
C351-F321  1.3359 
C351-F331  1.3359 
C361-F341  1.3358 
C361-F361  1.3359 
C361-F351  1.3361 
C431-F551  1.3360 
C431-F571  1.3362 
C431-F561  1.3362 
C441-F601  1.3363 
C441-F591  1.3363 
C441-F581  1.3365 
C171-C181  1.396(9) 
C171-C221  1.418(9) 
C181-C191  1.383(9) 
C181-H181  0.9300 
C191-C201  1.388(10) 
C191-C451  1.543(6) 
C191-C371  1.550(6) 
C191-C231  1.554(6) 
C201-C211  1.379(11) 
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C201-H201  0.9300 
C211-C221  1.363(10) 
C211-C381  1.543(6) 
C211-C461  1.551(6) 
C211-C241  1.555(6) 
C221-H221  0.9300 
C231-F151  1.3358 
C231-F141  1.3359 
C231-F131  1.3361 
C241-F161  1.3357 
C241-F181  1.3359 
C241-F171  1.3361 
C371-F381  1.3360 
C371-F391  1.3360 
C371-F371  1.3361 
C381-F401  1.3359 
C381-F411  1.3360 
C381-F421  1.3360 
C451-F621  1.3360 
C451-F631  1.3361 
C451-F611  1.3361 
C461-F661  1.3360 
C461-F641  1.3360 
C461-F651  1.3360 
C251-C261  1.389(9) 
C251-C301  1.392(9) 
C261-C271  1.397(9) 
C261-H261  0.9300 
C271-C281  1.375(10) 
C271-C471  1.547(6) 
C271-C311  1.550(6) 
C271-C391  1.550(6) 
C281-C291  1.377(10) 
C281-H281  0.9300 
C291-C301  1.394(9) 
C291-C481  1.546(6) 
C291-C321  1.555(6) 
C291-C401  1.557(6) 
C301-H301  0.9300 
C311-F211  1.3359 
C311-F191  1.3360 
C311-F201  1.3361 
C321-F221  1.3357 
C321-F231  1.3359 
C321-F241  1.3360 
C391-F441  1.3359 
C391-F451  1.3360 
C391-F431  1.3360 
C401-F471  1.3358 
C401-F481  1.3359 
C401-F461  1.3360 
C471-F681  1.3360 
C471-F691  1.3360 
C471-F671  1.3361 
C481-F701  1.3359 
C481-F711  1.3360 
C481-F721  1.3361 
Cl(1)-C(32)  1.729(10) 
Cl(2)-C(32)  1.723(10) 
C(32)-H(32A)  0.9700 
C(32)-H(32B)  0.9700 
Cl(3)-C(33)  1.721(10) 
Cl(4)-C(33)  1.720(10) 
C(33)-H(33A)  0.9700 
C(33)-H(3B)  0.9700 
Cl(5)-C(34)  1.707(10) 
Cl(6)-C(34)  1.703(10) 
C(34)-H(34A)  0.9700 
C(34)-H(34B)  0.9700 
Cl(7)-C(35)  1.727(10) 
Cl(8)-C(35)  1.720(10) 
C(35)-H(35A)  0.9700 
C(35)-H(35B)  0.9700 
 
N(1)-Ir(1)-O(1) 77.9(2) 
N(1)-Ir(1)-C(5) 133.6(3) 
O(1)-Ir(1)-C(5) 125.4(3) 
N(1)-Ir(1)-C(4) 112.3(3) 
O(1)-Ir(1)-C(4) 165.2(3) 
C(5)-Ir(1)-C(4) 39.8(3) 
N(1)-Ir(1)-C(3) 120.7(3) 
O(1)-Ir(1)-C(3) 145.7(3) 
C(5)-Ir(1)-C(3) 64.9(3) 
C(4)-Ir(1)-C(3) 38.7(3) 
N(1)-Ir(1)-C(1) 169.8(3) 
O(1)-Ir(1)-C(1) 102.1(3) 
C(5)-Ir(1)-C(1) 38.7(3) 
C(4)-Ir(1)-C(1) 65.9(3) 
C(3)-Ir(1)-C(1) 64.8(3) 
N(1)-Ir(1)-C(2) 151.3(3) 
O(1)-Ir(1)-C(2) 111.2(3) 
C(5)-Ir(1)-C(2) 64.5(3) 
C(4)-Ir(1)-C(2) 65.4(3) 
C(3)-Ir(1)-C(2) 38.8(3) 
C(1)-Ir(1)-C(2) 38.2(3) 
C(12)-N(1)-C(25) 117.6(6) 
C(12)-N(1)-Ir(1) 116.6(4) 
C(25)-N(1)-Ir(1) 125.4(5) 
C(11)-O(1)-Ir(1) 115.6(4) 
C(2)-C(1)-C(5) 107.8(7) 
C(2)-C(1)-C(6) 125.3(9) 
C(5)-C(1)-C(6) 126.9(9) 
C(2)-C(1)-Ir(1) 71.2(5) 
C(5)-C(1)-Ir(1) 69.5(5) 
C(6)-C(1)-Ir(1) 124.0(6) 
C(1)-C(2)-C(3) 108.0(7) 
C(1)-C(2)-C(7) 124.9(9) 
C(3)-C(2)-C(7) 127.1(9) 
C(1)-C(2)-Ir(1) 70.6(5) 
C(3)-C(2)-Ir(1) 69.9(4) 
C(7)-C(2)-Ir(1) 124.9(6) 
C(4)-C(3)-C(2) 109.2(7) 
C(4)-C(3)-C(8) 126.1(8) 
C(2)-C(3)-C(8) 124.7(8) 
C(4)-C(3)-Ir(1) 70.6(4) 
C(2)-C(3)-Ir(1) 71.3(4) 
C(8)-C(3)-Ir(1) 125.8(6) 
C(3)-C(4)-C(5) 105.8(7) 
C(3)-C(4)-C(9) 126.8(9) 
C(5)-C(4)-C(9) 127.2(9) 
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C(3)-C(4)-Ir(1) 70.7(4) 
C(5)-C(4)-Ir(1) 69.4(5) 
C(9)-C(4)-Ir(1) 128.7(7) 
C(1)-C(5)-C(4) 109.2(7) 
C(1)-C(5)-C(10) 125.2(10) 
C(4)-C(5)-C(10) 125.6(10) 
C(1)-C(5)-Ir(1) 71.9(5) 
C(4)-C(5)-Ir(1) 70.8(5) 
C(10)-C(5)-Ir(1) 125.2(7) 
C(1)-C(6)-H(6A) 109.5 
C(1)-C(6)-H(6B) 109.5 
H(6A)-C(6)-H(6B) 109.5 
C(1)-C(6)-H(6C) 109.5 
H(6A)-C(6)-H(6C) 109.5 
H(6B)-C(6)-H(6C) 109.5 
C(2)-C(7)-H(7A) 109.5 
C(2)-C(7)-H(7B) 109.5 
H(7A)-C(7)-H(7B) 109.5 
C(2)-C(7)-H(7C) 109.5 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
C(3)-C(8)-H(8A) 109.5 
C(3)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
C(3)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
C(4)-C(9)-H(9A) 109.5 
C(4)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
C(4)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(5)-C(10)-H(10A) 109.5 
C(5)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(5)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
O(1)-C(11)-C(16) 123.2(6) 
O(1)-C(11)-C(12) 116.5(6) 
C(16)-C(11)-C(12) 120.3(6) 
N(1)-C(12)-C(13) 126.5(6) 
N(1)-C(12)-C(11) 112.8(6) 
C(13)-C(12)-C(11) 120.7(6) 
C(14)-C(13)-C(12) 120.3(7) 
C(14)-C(13)-H(13) 119.8 
C(12)-C(13)-H(13) 119.8 
C(13)-C(14)-C(15) 117.7(7) 
C(13)-C(14)-C(17) 123.7(7) 
C(15)-C(14)-C(17) 118.6(7) 
C(16)-C(15)-C(14) 125.6(7) 
C(16)-C(15)-H(15) 117.2 
C(14)-C(15)-H(15) 117.2 
C(15)-C(16)-C(11) 115.3(7) 
C(15)-C(16)-C(21) 123.9(7) 
C(11)-C(16)-C(21) 120.7(7) 
C(14)-C(17)-C(19) 109.2(8) 
C(14)-C(17)-C(20) 109.4(7) 
C(19)-C(17)-C(20) 108.3(8) 
C(14)-C(17)-C(18) 112.1(7) 
C(19)-C(17)-C(18) 110.5(9) 
C(20)-C(17)-C(18) 107.3(8) 
C(17)-C(18)-H(18A) 109.5 
C(17)-C(18)-H(18B) 109.5 
H(18A)-C(18)-H(18B) 109.5 
C(17)-C(18)-H(18C) 109.5 
H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5 
C(17)-C(19)-H(19A) 109.5 
C(17)-C(19)-H(19B) 109.5 
H(19A)-C(19)-H(19B) 109.5 
C(17)-C(19)-H(19C) 109.5 
H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 
C(17)-C(20)-H(20A) 109.5 
C(17)-C(20)-H(20B) 109.5 
H(20A)-C(20)-H(20B) 109.5 
C(17)-C(20)-H(20C) 109.5 
H(20A)-C(20)-H(20C) 109.5 
H(20B)-C(20)-H(20C) 109.5 
C(23)-C(21)-C(16) 110.4(7) 
C(23)-C(21)-C(24) 107.1(9) 
C(16)-C(21)-C(24) 111.2(7) 
C(23)-C(21)-C(22) 109.3(9) 
C(16)-C(21)-C(22) 109.1(8) 
C(24)-C(21)-C(22) 109.7(8) 
C(21)-C(22)-H(22A) 109.5 
C(21)-C(22)-H(22B) 109.5 
H(22A)-C(22)-H(22B) 109.5 
C(21)-C(22)-H(22C) 109.5 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
C(21)-C(23)-H(23A) 109.5 
C(21)-C(23)-H(23B) 109.5 
H(23A)-C(23)-H(23B) 109.5 
C(21)-C(23)-H(23C) 109.5 
H(23A)-C(23)-H(23C) 109.5 
H(23B)-C(23)-H(23C) 109.5 
C(21)-C(24)-H(24A) 109.5 
C(21)-C(24)-H(24B) 109.5 
H(24A)-C(24)-H(24B) 109.5 
C(21)-C(24)-H(24C) 109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
C(26)-C(25)-C(30) 120.5(8) 
C(26)-C(25)-N(1) 117.1(7) 
C(30)-C(25)-N(1) 122.4(7) 
C(27)-C(26)-C(25) 120.2(10) 
C(27)-C(26)-H(26) 119.9 
C(25)-C(26)-H(26) 119.9 
C(26)-C(27)-C(28) 120.5(10) 
C(26)-C(27)-H(27) 119.7 
C(28)-C(27)-H(27) 119.7 
C(27)-C(28)-C(29) 119.8(9) 
C(27)-C(28)-H(28) 120.1 
C(29)-C(28)-H(28) 120.1 
C(28)-C(29)-C(30) 120.8(10) 
C(28)-C(29)-H(29) 119.6 
C(30)-C(29)-H(29) 119.6 
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C(29)-C(30)-C(25) 118.0(8) 
C(29)-C(30)-C(31) 119.5(8) 
C(25)-C(30)-C(31) 122.4(7) 
F(1)-C(31)-F(2) 105.3(8) 
F(1)-C(31)-F(3) 107.3(9) 
F(2)-C(31)-F(3) 104.8(9) 
F(1)-C(31)-C(30) 113.6(8) 
F(2)-C(31)-C(30) 112.4(8) 
F(3)-C(31)-C(30) 112.7(8) 
C11-B11-C251 112.7(5) 
C11-B11-C171 113.0(5) 
C251-B11-C171 103.9(5) 
C11-B11-C91 105.1(5) 
C251-B11-C91 112.1(5) 
C171-B11-C91 110.3(5) 
C21-C11-C61 114.6(6) 
C21-C11-B11 123.3(6) 
C61-C11-B11 121.7(6) 
C31-C21-C11 122.7(6) 
C31-C21-H21 118.6 
C11-C21-H21 118.6 
C41-C31-C21 121.5(6) 
C41-C31-C411 116.1(8) 
C21-C31-C411 122.3(8) 
C41-C31-C331 119.3(7) 
C21-C31-C331 119.2(7) 
C41-C31-C71 120.7(6) 
C21-C31-C71 117.7(6) 
C31-C41-C51 118.1(6) 
C31-C41-H41 121.0 
C51-C41-H41 121.0 
C61-C51-C41 120.1(6) 
C61-C51-C421 120.3(7) 
C41-C51-C421 119.6(8) 
C61-C51-C81 119.4(5) 
C41-C51-C81 120.4(6) 
C61-C51-C341 117.8(7) 
C41-C51-C341 121.7(7) 
C51-C61-C11 122.9(6) 
C51-C61-H61 118.6 
C11-C61-H61 118.6 
F11-C71-F21 109.5 
F11-C71-F31 109.5 
F21-C71-F31 109.5 
F11-C71-C31 109.8(6) 
F21-C71-C31 108.2(6) 
F31-C71-C31 110.3(6) 
F41-C81-F51 109.5 
F41-C81-F61 109.5 
F51-C81-F61 109.5 
F41-C81-C51 110.0(5) 
F51-C81-C51 109.1(5) 
F61-C81-C51 109.3(5) 
F271-C331-F261 109.5 
F271-C331-F251 109.5 
F261-C331-F251 109.5 
F271-C331-C31 109.6(7) 
F261-C331-C31 109.4(7) 
F251-C331-C31 109.3(6) 
F291-C341-F301 109.5 
F291-C341-F281 109.5 
F301-C341-F281 109.5 
F291-C341-C51 109.4(7) 
F301-C341-C51 109.6(7) 
F281-C341-C51 109.4(7) 
F491-C411-F501 108.6 
F491-C411-F511 108.6 
F501-C411-F511 108.6 
F491-C411-C31 110.3(7) 
F501-C411-C31 110.8(7) 
F511-C411-C31 109.9(7) 
F541-C421-F521 108.2 
F541-C421-F531 108.2 
F521-C421-F531 108.2 
F541-C421-C51 110.9(7) 
F521-C421-C51 110.3(7) 
F531-C421-C51 110.9(7) 
C141-C91-C101 115.6(7) 
C141-C91-B11 122.0(6) 
C101-C91-B11 122.1(6) 
C111-C101-C91 122.1(7) 
C111-C101-H101 119.0 
C91-C101-H101 119.0 
C121-C111-C101 120.9(6) 
C121-C111-C431 118.3(8) 
C101-C111-C431 120.5(8) 
C121-C111-C351 121.6(7) 
C101-C111-C351 117.2(7) 
C121-C111-C151 119.8(6) 
C101-C111-C151 119.3(6) 
C111-C121-C131 118.3(6) 
C111-C121-H121 120.8 
C131-C121-H121 120.8 
C141-C131-C121 120.7(6) 
C141-C131-C161 117.2(7) 
C121-C131-C161 122.1(7) 
C141-C131-C441 121.5(7) 
C121-C131-C441 117.7(7) 
C141-C131-C361 121.0(8) 
C121-C131-C361 118.3(8) 
C131-C141-C91 122.3(7) 
C131-C141-H141 118.8 
C91-C141-H141 118.8 
F71-C151-F91 109.5 
F71-C151-F81 109.5 
F91-C151-F81 109.5 
F71-C151-C111 109.4(6) 
F91-C151-C111 109.1(6) 
F81-C151-C111 109.9(6) 
F111-C161-F121 109.5 
F111-C161-F101 109.5 
F121-C161-F101 109.5 
F111-C161-C131 108.3(6) 
F121-C161-C131 109.3(6) 
F101-C161-C131 110.9(6) 
F311-C351-F321 109.5 
F311-C351-F331 109.5 
F321-C351-F331 109.5 
F311-C351-C111 109.8(7) 
F321-C351-C111 109.4(7) 
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F331-C351-C111 109.2(7) 
F341-C361-F361 109.5 
F341-C361-F351 109.5 
F361-C361-F351 109.5 
F341-C361-C131 109.8(7) 
F361-C361-C131 109.1(7) 
F351-C361-C131 109.6(7) 
F551-C431-F571 107.8 
F551-C431-F561 107.7 
F571-C431-F561 107.8 
F551-C431-C111 111.9(7) 
F571-C431-C111 110.5(7) 
F561-C431-C111 111.0(7) 
F601-C441-F591 108.9 
F601-C441-F581 110.0 
F591-C441-F581 108.9 
F601-C441-C131 108.5(6) 
F591-C441-C131 110.7(6) 
F581-C441-C131 109.7(6) 
C181-C171-C221 114.5(6) 
C181-C171-B11 124.6(6) 
C221-C171-B11 120.7(6) 
C191-C181-C171 122.9(6) 
C191-C181-H181 118.6 
C171-C181-H181 118.6 
C181-C191-C201 120.3(6) 
C181-C191-C451 120.3(8) 
C201-C191-C451 119.4(8) 
C181-C191-C371 119.5(6) 
C201-C191-C371 120.2(6) 
C181-C191-C231 117.8(6) 
C201-C191-C231 121.9(6) 
C211-C201-C191 118.4(7) 
C211-C201-H201 120.8 
C191-C201-H201 120.8 
C221-C211-C201 120.8(6) 
C221-C211-C381 119.7(7) 
C201-C211-C381 119.4(7) 
C221-C211-C461 112.9(8) 
C201-C211-C461 126.2(8) 
C221-C211-C241 122.2(7) 
C201-C211-C241 116.9(6) 
C211-C221-C171 123.0(7) 
C211-C221-H221 118.5 
C171-C221-H221 118.5 
F151-C231-F141 109.5 
F151-C231-F131 109.5 
F141-C231-F131 109.5 
F151-C231-C191 108.9(5) 
F141-C231-C191 109.9(6) 
F131-C231-C191 109.5(5) 
F161-C241-F181 109.5 
F161-C241-F171 109.5 
F181-C241-F171 109.5 
F161-C241-C211 110.3(6) 
F181-C241-C211 108.6(6) 
F171-C241-C211 109.6(6) 
F381-C371-F391 109.5 
F381-C371-F371 109.5 
F391-C371-F371 109.5 
F381-C371-C191 110.5(6) 
F391-C371-C191 108.3(6) 
F371-C371-C191 109.6(6) 
F401-C381-F411 108.9 
F401-C381-F421 108.9 
F411-C381-F421 108.9 
F401-C381-C211 110.6(7) 
F411-C381-C211 109.9(7) 
F421-C381-C211 109.6(7) 
F621-C451-F631 109.0 
F621-C451-F611 109.0 
F631-C451-F611 109.0 
F621-C451-C191 109.9(7) 
F631-C451-C191 109.6(7) 
F611-C451-C191 110.5(7) 
F661-C461-F641 108.9 
F661-C461-F651 108.9 
F641-C461-F651 108.9 
F661-C461-C211 108.3(7) 
F641-C461-C211 110.8(7) 
F651-C461-C211 111.1(7) 
C261-C251-C301 114.9(6) 
C261-C251-B11 123.3(6) 
C301-C251-B11 121.5(6) 
C251-C261-C271 122.9(6) 
C251-C261-H261 118.6 
C271-C261-H261 118.6 
C281-C271-C261 120.5(6) 
C281-C271-C471 120.5(7) 
C261-C271-C471 119.0(7) 
C281-C271-C311 119.6(6) 
C261-C271-C311 119.9(6) 
C281-C271-C391 118.4(7) 
C261-C271-C391 120.9(7) 
C271-C281-C291 118.3(6) 
C271-C281-H281 120.9 
C291-C281-H281 120.9 
C281-C291-C301 120.5(6) 
C281-C291-C481 123.0(7) 
C301-C291-C481 116.5(7) 
C281-C291-C321 116.6(6) 
C301-C291-C321 122.9(6) 
C281-C291-C401 121.0(7) 
C301-C291-C401 118.4(6) 
C251-C301-C291 122.9(6) 
C251-C301-H301 118.6 
C291-C301-H301 118.6 
F211-C311-F191 109.5 
F211-C311-F201 109.5 
F191-C311-F201 109.5 
F211-C311-C271 108.7(5) 
F191-C311-C271 109.7(5) 
F201-C311-C271 110.0(5) 
F221-C321-F231 109.5 
F221-C321-F241 109.5 
F231-C321-F241 109.5 
F221-C321-C291 109.9(6) 
F231-C321-C291 109.4(6) 
F241-C321-C291 109.1(6) 
F441-C391-F451 109.5 
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F441-C391-F431 109.5 
F451-C391-F431 109.5 
F441-C391-C271 110.1(7) 
F451-C391-C271 109.9(7) 
F431-C391-C271 108.4(7) 
F471-C401-F481 109.5 
F471-C401-F461 109.5 
F481-C401-F461 109.5 
F471-C401-C291 108.9(6) 
F481-C401-C291 110.3(6) 
F461-C401-C291 109.2(7) 
F681-C471-F691 108.6 
F681-C471-F671 108.6 
F691-C471-F671 108.6 
F681-C471-C271 110.0(7) 
F691-C471-C271 110.6(7) 
F671-C471-C271 110.4(7) 
F701-C481-F711 108.6 
F701-C481-F721 108.6 
F711-C481-F721 108.6 
F701-C481-C291 110.4(7) 
F711-C481-C291 110.4(7) 
F721-C481-C291 110.2(7) 
Cl(2)-C(32)-Cl(1) 109.8(12) 
Cl(2)-C(32)-H(32A) 109.7 
Cl(1)-C(32)-H(32A) 109.7 
Cl(2)-C(32)-H(32B) 109.7 
Cl(1)-C(32)-H(32B) 109.7 
H(32A)-C(32)-H(32B) 108.2 
Cl(4)-C(33)-Cl(3) 101.2(11) 
Cl(4)-C(33)-H(33A) 111.5 
Cl(3)-C(33)-H(33A) 111.5 
Cl(4)-C(33)-H(3B) 111.5 
Cl(3)-C(33)-H(3B) 111.5 
H(33A)-C(33)-H(3B) 109.3 
Cl(6)-C(34)-Cl(5) 105.2(11) 
Cl(6)-C(34)-H(34A) 110.7 
Cl(5)-C(34)-H(34A) 110.7 
Cl(6)-C(34)-H(34B) 110.7 
Cl(5)-C(34)-H(34B) 110.7 
H(34A)-C(34)-H(34B) 108.8 
Cl(8)-C(35)-Cl(7) 110.3(12) 
Cl(8)-C(35)-H(35A) 109.6 
Cl(7)-C(35)-H(35A) 109.6 
Cl(8)-C(35)-H(35B) 109.6 
Cl(7)-C(35)-H(35B) 109.6 
H(35A)-C(35)-H(35B) 108.1 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
  
Table D.9.    Crystal data and structure refinement for [2.1F(MeCN)]OTf2. 
Identification code  ga47tas 
Empirical formula  C150 H191 Cl2 F36 Ir4 N8 O28 S8 
Formula weight  4334.29 
Temperature  153(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/c   
Unit cell dimensions a = 17.3458(17) Å a= 90°. 
 b = 10.7292(11) Å b= 103.945(6)°. 
 c = 24.416(2) Å g = 90°. 
Volume 4410.1(7) Å3 
Z 1 
Density (calculated) 1.632 Mg/m3 
Absorption coefficient 3.238 mm-1 
F(000) 2165 
Crystal size 0.56 x 0.06 x 0.02 mm3 
Theta range for data collection 1.21 to 25.73°. 
Index ranges -21<=h<=20, -13<=k<=12, -29<=l<=29 
Reflections collected 52704 
Independent reflections 8379 [R(int) = 0.1060] 
Completeness to theta = 25.73° 99.4 %  
Absorption correction Integration 
Max. and min. transmission 0.9389 and 0.3920 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8379 / 524 / 671 
Goodness-of-fit on F2 1.024 
Final R indices [I>2sigma(I)] R1 = 0.0476, wR2 = 0.0904 
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R indices (all data) R1 = 0.1030, wR2 = 0.1069 
Largest diff. peak and hole 0.923 and -1.732 e.Å-3 
 
Table D.10.   Bond lengths [Å] and angles [°] for [2.1F(MeCN)]OTf2. 
_____________________________________________________ 
C(1)-C(5)  1.438(10) 
C(1)-C(2)  1.453(10) 
C(1)-C(6)  1.476(11) 
C(1)-Ir(1)  2.164(7) 
C(2)-C(3)  1.443(10) 
C(2)-C(7)  1.478(10) 
C(2)-Ir(1)  2.195(7) 
C(3)-C(4)  1.434(11) 
C(3)-C(8)  1.501(11) 
C(3)-Ir(1)  2.180(7) 
C(4)-C(5)  1.437(11) 
C(4)-C(9)  1.482(10) 
C(4)-Ir(1)  2.172(8) 
C(5)-C(10)  1.493(10) 
C(5)-Ir(1)  2.155(7) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-H(7A)  0.9800 
C(7)-H(7B)  0.9800 
C(7)-H(7C)  0.9800 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-O(1)  1.250(8) 
C(11)-C(12)  1.445(10) 
C(11)-C(16)  1.480(10) 
C(12)-C(13)  1.344(10) 
C(12)-C(17)  1.526(10) 
C(13)-C(14)  1.457(10) 
C(13)-H(13A)  0.9500 
C(14)-C(15)  1.356(10) 
C(14)-C(21)  1.515(11) 
C(15)-C(16)  1.434(10) 
C(15)-H(15A)  0.9500 
C(16)-N(1)  1.314(9) 
C(17)-C(18)  1.528(10) 
C(17)-C(19)  1.533(10) 
C(17)-C(20)  1.539(11) 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-H(19A)  0.9800 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9800 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(23)  1.513(11) 
C(21)-C(22)  1.538(11) 
C(21)-C(24)  1.541(12) 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9800 
C(23)-H(23A)  0.9800 
C(23)-H(23B)  0.9800 
C(23)-H(23C)  0.9800 
C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-C(30)  1.384(10) 
C(25)-C(26)  1.416(10) 
C(25)-N(1)  1.445(9) 
C(26)-C(27)  1.390(11) 
C(26)-C(31)  1.489(11) 
C(27)-C(28)  1.367(12) 
C(27)-H(27A)  0.9500 
C(28)-C(29)  1.373(12) 
C(28)-H(28A)  0.9500 
C(29)-C(30)  1.382(10) 
C(29)-H(29A)  0.9500 
C(30)-H(30A)  0.9500 
C(31)-F(2)  1.326(9) 
C(31)-F(1)  1.342(9) 
C(31)-F(3)  1.357(9) 
N(1)-Ir(1)  2.095(6) 
C(32)-N(2)  1.122(9) 
C(32)-C(33)  1.450(10) 
C(33)-H(33A)  0.9800 
C(33)-H(33B)  0.9800 
C(33)-H(33C)  0.9800 
N(2)-Ir(1)  2.070(6) 
Ir(1)-O(1)  2.103(5) 
O(2)-S(1)  1.444(6) 
O(3)-S(1)  1.445(6) 
O(4)-S(1)  1.443(6) 
S(1)-C(34)  1.792(10) 
C(34)-F(4)  1.326(11) 
C(34)-F(5)  1.342(10) 
C(34)-F(6)  1.361(10) 
O(5)-S(2)  1.441(6) 
O(6)-S(2)  1.485(7) 
O(7)-S(2)  1.437(7) 
S(2)-C(35)  1.808(15) 
C(35)-F(9)  1.346(8) 
C(35)-F(7)  1.352(8) 
C(35)-F(8)  1.360(8) 
C(36)-C(37)  1.542(10) 
C(36)-H(36A)  0.9800 
C(36)-H(36B)  0.9800 
Table D.10 (cont.) 
 
  !188 
C(36)-H(36C)  0.9800 
C(37)-C(38)  1.540(10) 
C(37)-H(37A)  0.9900 
C(37)-H(37B)  0.9900 
C(38)-C(39)  1.549(10) 
C(38)-H(38A)  0.9900 
C(38)-H(38B)  0.9900 
C(39)-C(40)  1.544(10) 
C(39)-H(39A)  0.9900 
C(39)-H(39B)  0.9900 
C(40)-C(41)  1.546(10) 
C(40)-H(40A)  0.9900 
C(40)-H(40B)  0.9900 
C(41)-H(41A)  0.9800 
C(41)-H(41B)  0.9800 
C(41)-H(41C)  0.9800 
C(42)-Cl(1)  1.756(10) 
C(42)-Cl(2)  1.762(10) 
C(42)-H(42A)  0.9900 
C(42)-H(42B)  0.9900 
O(8)-S(3)  1.445(7) 
O(9)-S(3)  1.473(8) 
O(10)-S(3)  1.440(8) 
S(3)-C(43)  1.813(16) 
C(43)-F(12)  1.347(9) 
C(43)-F(10)  1.356(9) 
C(43)-F(11)  1.359(9) 
 
C(5)-C(1)-C(2) 108.1(7) 
C(5)-C(1)-C(6) 127.3(7) 
C(2)-C(1)-C(6) 124.6(7) 
C(5)-C(1)-Ir(1) 70.2(4) 
C(2)-C(1)-Ir(1) 71.7(4) 
C(6)-C(1)-Ir(1) 124.6(5) 
C(3)-C(2)-C(1) 107.3(7) 
C(3)-C(2)-C(7) 126.4(7) 
C(1)-C(2)-C(7) 126.1(7) 
C(3)-C(2)-Ir(1) 70.2(4) 
C(1)-C(2)-Ir(1) 69.4(4) 
C(7)-C(2)-Ir(1) 129.6(5) 
C(4)-C(3)-C(2) 108.3(7) 
C(4)-C(3)-C(8) 125.5(7) 
C(2)-C(3)-C(8) 125.9(7) 
C(4)-C(3)-Ir(1) 70.4(4) 
C(2)-C(3)-Ir(1) 71.3(4) 
C(8)-C(3)-Ir(1) 129.0(5) 
C(3)-C(4)-C(5) 108.4(6) 
C(3)-C(4)-C(9) 125.9(7) 
C(5)-C(4)-C(9) 125.6(7) 
C(3)-C(4)-Ir(1) 71.1(4) 
C(5)-C(4)-Ir(1) 70.0(4) 
C(9)-C(4)-Ir(1) 126.7(5) 
C(4)-C(5)-C(1) 107.9(6) 
C(4)-C(5)-C(10) 126.3(7) 
C(1)-C(5)-C(10) 125.7(7) 
C(4)-C(5)-Ir(1) 71.2(4) 
C(1)-C(5)-Ir(1) 70.9(4) 
C(10)-C(5)-Ir(1) 126.7(5) 
C(1)-C(6)-H(6A) 109.5 
C(1)-C(6)-H(6B) 109.5 
H(6A)-C(6)-H(6B) 109.5 
C(1)-C(6)-H(6C) 109.5 
H(6A)-C(6)-H(6C) 109.5 
H(6B)-C(6)-H(6C) 109.5 
C(2)-C(7)-H(7A) 109.5 
C(2)-C(7)-H(7B) 109.5 
H(7A)-C(7)-H(7B) 109.5 
C(2)-C(7)-H(7C) 109.5 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
C(3)-C(8)-H(8A) 109.5 
C(3)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
C(3)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
C(4)-C(9)-H(9A) 109.5 
C(4)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
C(4)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(5)-C(10)-H(10A) 109.5 
C(5)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(5)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
O(1)-C(11)-C(12) 123.9(7) 
O(1)-C(11)-C(16) 116.5(6) 
C(12)-C(11)-C(16) 119.6(7) 
C(13)-C(12)-C(11) 115.3(7) 
C(13)-C(12)-C(17) 125.2(7) 
C(11)-C(12)-C(17) 119.5(7) 
C(12)-C(13)-C(14) 126.7(7) 
C(12)-C(13)-H(13A) 116.6 
C(14)-C(13)-H(13A) 116.6 
C(15)-C(14)-C(13) 119.0(7) 
C(15)-C(14)-C(21) 122.7(7) 
C(13)-C(14)-C(21) 118.3(7) 
C(14)-C(15)-C(16) 118.7(7) 
C(14)-C(15)-H(15A) 120.7 
C(16)-C(15)-H(15A) 120.7 
N(1)-C(16)-C(15) 126.5(7) 
N(1)-C(16)-C(11) 113.0(6) 
C(15)-C(16)-C(11) 120.5(7) 
C(12)-C(17)-C(18) 110.3(6) 
C(12)-C(17)-C(19) 110.3(6) 
C(18)-C(17)-C(19) 107.7(6) 
C(12)-C(17)-C(20) 110.2(6) 
C(18)-C(17)-C(20) 109.8(7) 
C(19)-C(17)-C(20) 108.4(6) 
C(17)-C(18)-H(18A) 109.5 
C(17)-C(18)-H(18B) 109.5 
H(18A)-C(18)-H(18B) 109.5 
C(17)-C(18)-H(18C) 109.5 
H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5 
C(17)-C(19)-H(19A) 109.5 
C(17)-C(19)-H(19B) 109.5 
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H(19A)-C(19)-H(19B) 109.5 
C(17)-C(19)-H(19C) 109.5 
H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 
C(17)-C(20)-H(20A) 109.5 
C(17)-C(20)-H(20B) 109.5 
H(20A)-C(20)-H(20B) 109.5 
C(17)-C(20)-H(20C) 109.5 
H(20A)-C(20)-H(20C) 109.5 
H(20B)-C(20)-H(20C) 109.5 
C(23)-C(21)-C(14) 112.9(6) 
C(23)-C(21)-C(22) 108.3(7) 
C(14)-C(21)-C(22) 109.8(7) 
C(23)-C(21)-C(24) 109.4(8) 
C(14)-C(21)-C(24) 106.8(7) 
C(22)-C(21)-C(24) 109.6(8) 
C(21)-C(22)-H(22A) 109.5 
C(21)-C(22)-H(22B) 109.5 
H(22A)-C(22)-H(22B) 109.5 
C(21)-C(22)-H(22C) 109.5 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
C(21)-C(23)-H(23A) 109.5 
C(21)-C(23)-H(23B) 109.5 
H(23A)-C(23)-H(23B) 109.5 
C(21)-C(23)-H(23C) 109.5 
H(23A)-C(23)-H(23C) 109.5 
H(23B)-C(23)-H(23C) 109.5 
C(21)-C(24)-H(24A) 109.5 
C(21)-C(24)-H(24B) 109.5 
H(24A)-C(24)-H(24B) 109.5 
C(21)-C(24)-H(24C) 109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
C(30)-C(25)-C(26) 120.4(7) 
C(30)-C(25)-N(1) 117.5(7) 
C(26)-C(25)-N(1) 122.1(7) 
C(27)-C(26)-C(25) 117.7(8) 
C(27)-C(26)-C(31) 120.2(7) 
C(25)-C(26)-C(31) 122.1(7) 
C(28)-C(27)-C(26) 120.9(8) 
C(28)-C(27)-H(27A) 119.5 
C(26)-C(27)-H(27A) 119.5 
C(27)-C(28)-C(29) 121.4(8) 
C(27)-C(28)-H(28A) 119.3 
C(29)-C(28)-H(28A) 119.3 
C(28)-C(29)-C(30) 119.3(8) 
C(28)-C(29)-H(29A) 120.4 
C(30)-C(29)-H(29A) 120.4 
C(29)-C(30)-C(25) 120.3(8) 
C(29)-C(30)-H(30A) 119.9 
C(25)-C(30)-H(30A) 119.9 
F(2)-C(31)-F(1) 106.4(7) 
F(2)-C(31)-F(3) 106.5(7) 
F(1)-C(31)-F(3) 105.5(7) 
F(2)-C(31)-C(26) 112.5(7) 
F(1)-C(31)-C(26) 113.2(7) 
F(3)-C(31)-C(26) 112.2(7) 
C(16)-N(1)-C(25) 118.9(6) 
C(16)-N(1)-Ir(1) 117.5(5) 
C(25)-N(1)-Ir(1) 123.0(4) 
N(2)-C(32)-C(33) 179.3(9) 
C(32)-C(33)-H(33A) 109.5 
C(32)-C(33)-H(33B) 109.5 
H(33A)-C(33)-H(33B) 109.5 
C(32)-C(33)-H(33C) 109.5 
H(33A)-C(33)-H(33C) 109.5 
H(33B)-C(33)-H(33C) 109.5 
C(32)-N(2)-Ir(1) 176.5(6) 
N(2)-Ir(1)-N(1) 90.2(2) 
N(2)-Ir(1)-O(1) 80.1(2) 
N(1)-Ir(1)-O(1) 74.9(2) 
N(2)-Ir(1)-C(5) 103.0(2) 
N(1)-Ir(1)-C(5) 166.8(2) 
O(1)-Ir(1)-C(5) 108.3(2) 
N(2)-Ir(1)-C(1) 138.8(2) 
N(1)-Ir(1)-C(1) 128.9(2) 
O(1)-Ir(1)-C(1) 96.4(2) 
C(5)-Ir(1)-C(1) 38.9(3) 
N(2)-Ir(1)-C(4) 95.0(2) 
N(1)-Ir(1)-C(4) 139.9(3) 
O(1)-Ir(1)-C(4) 145.1(3) 
C(5)-Ir(1)-C(4) 38.8(3) 
C(1)-Ir(1)-C(4) 64.9(3) 
N(2)-Ir(1)-C(3) 121.3(3) 
N(1)-Ir(1)-C(3) 107.1(3) 
O(1)-Ir(1)-C(3) 158.2(2) 
C(5)-Ir(1)-C(3) 65.0(3) 
C(1)-Ir(1)-C(3) 64.9(3) 
C(4)-Ir(1)-C(3) 38.5(3) 
N(2)-Ir(1)-C(2) 158.8(3) 
N(1)-Ir(1)-C(2) 102.0(2) 
O(1)-Ir(1)-C(2) 119.7(2) 
C(5)-Ir(1)-C(2) 65.1(3) 
C(1)-Ir(1)-C(2) 38.9(3) 
C(4)-Ir(1)-C(2) 64.6(3) 
C(3)-Ir(1)-C(2) 38.5(3) 
C(11)-O(1)-Ir(1) 117.6(5) 
O(4)-S(1)-O(2) 115.9(4) 
O(4)-S(1)-O(3) 114.7(4) 
O(2)-S(1)-O(3) 115.3(4) 
O(4)-S(1)-C(34) 102.7(4) 
O(2)-S(1)-C(34) 102.2(4) 
O(3)-S(1)-C(34) 103.2(4) 
F(4)-C(34)-F(5) 106.3(8) 
F(4)-C(34)-F(6) 106.0(8) 
F(5)-C(34)-F(6) 105.6(8) 
F(4)-C(34)-S(1) 114.0(7) 
F(5)-C(34)-S(1) 112.9(7) 
F(6)-C(34)-S(1) 111.5(7) 
O(7)-S(2)-O(5) 116.3(5) 
O(7)-S(2)-O(6) 114.3(5) 
O(5)-S(2)-O(6) 113.4(5) 
O(7)-S(2)-C(35) 104.9(5) 
O(5)-S(2)-C(35) 104.2(4) 
O(6)-S(2)-C(35) 101.6(4) 
F(9)-C(35)-F(7) 108.7(8) 
F(9)-C(35)-F(8) 108.6(9) 
F(7)-C(35)-F(8) 107.9(9) 
F(9)-C(35)-S(2) 110.5(8) 
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F(7)-C(35)-S(2) 110.9(8) 
F(8)-C(35)-S(2) 110.1(8) 
C(37)-C(36)-H(36A) 109.5 
C(37)-C(36)-H(36B) 109.5 
H(36A)-C(36)-H(36B) 109.5 
C(37)-C(36)-H(36C) 109.5 
H(36A)-C(36)-H(36C) 109.5 
H(36B)-C(36)-H(36C) 109.5 
C(38)-C(37)-C(36) 110.6(14) 
C(38)-C(37)-H(37A) 109.5 
C(36)-C(37)-H(37A) 109.5 
C(38)-C(37)-H(37B) 109.5 
C(36)-C(37)-H(37B) 109.5 
H(37A)-C(37)-H(37B) 108.1 
C(37)-C(38)-C(39) 106.6(12) 
C(37)-C(38)-H(38A) 110.4 
C(39)-C(38)-H(38A) 110.4 
C(37)-C(38)-H(38B) 110.4 
C(39)-C(38)-H(38B) 110.4 
H(38A)-C(38)-H(38B) 108.6 
C(40)-C(39)-C(38) 107.7(12) 
C(40)-C(39)-H(39A) 110.2 
C(38)-C(39)-H(39A) 110.2 
C(40)-C(39)-H(39B) 110.2 
C(38)-C(39)-H(39B) 110.2 
H(39A)-C(39)-H(39B) 108.5 
C(39)-C(40)-C(41) 108.2(13) 
C(39)-C(40)-H(40A) 110.1 
C(41)-C(40)-H(40A) 110.1 
C(39)-C(40)-H(40B) 110.1 
C(41)-C(40)-H(40B) 110.1 
H(40A)-C(40)-H(40B) 108.4 
C(40)-C(41)-H(41A) 109.5 
C(40)-C(41)-H(41B) 109.5 
H(41A)-C(41)-H(41B) 109.5 
C(40)-C(41)-H(41C) 109.5 
H(41A)-C(41)-H(41C) 109.5 
H(41B)-C(41)-H(41C) 109.5 
Cl(1)-C(42)-Cl(2) 100.5(16) 
Cl(1)-C(42)-H(42A) 111.7 
Cl(2)-C(42)-H(42A) 111.7 
Cl(1)-C(42)-H(42B) 111.7 
Cl(2)-C(42)-H(42B) 111.7 
H(42A)-C(42)-H(42B) 109.4 
O(10)-S(3)-O(8) 116.2(6) 
O(10)-S(3)-O(9) 114.5(6) 
O(8)-S(3)-O(9) 113.8(6) 
O(10)-S(3)-C(43) 104.5(6) 
O(8)-S(3)-C(43) 103.8(6) 
O(9)-S(3)-C(43) 101.7(6) 
F(12)-C(43)-F(10) 109.4(9) 
F(12)-C(43)-F(11) 108.7(9) 
F(10)-C(43)-F(11) 107.5(9) 
F(12)-C(43)-S(3) 110.6(9) 
F(10)-C(43)-S(3) 110.4(9) 
F(11)-C(43)-S(3) 110.2(9) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
 
Table D.11.   Crystal data and structure refinement for [2.2F(MeCN)]BArF4. 
Identification code  g76q 
Empirical formula  C136 H117 B2 F54 N7 O2 Rh2 
Formula weight  3134.81 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/c 
Unit cell dimensions a = 15.0857(12) Å a= 90°. 
 b = 26.357(2) Å b= 112.114(2)°. 
 c = 19.8656(16) Å g = 90°. 
Volume 7317.7(10) Å3 
Z 2 
Density (calculated) 1.423 Mg/m3 
Absorption coefficient 0.345 mm-1 
F(000) 3168 
Crystal size 0.31 x 0.18 x 0.13 mm3 
Theta range for data collection 1.90 to 25.68°. 
Index ranges -18<=h<=18, -32<=k<=32, -24<=l<=24 
Reflections collected 78793 
Independent reflections 13838 [R(int) = 0.1302] 
Completeness to theta = 25.68° 99.6 %  
Absorption correction Integration 
Max. and min. transmission 0.9566 and 0.9007 
Refinement method Full-matrix least-squares on F2 
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Data / restraints / parameters 13838 / 2913 / 1289 
Goodness-of-fit on F2 1.047 
Final R indices [I>2sigma(I)] R1 = 0.0832, wR2 = 0.2120 
R indices (all data) R1 = 0.1646, wR2 = 0.2622 
Largest diff. peak and hole 0.950 and -0.629 e.Å-3 
Table D.12.   Bond lengths [Å] and angles [°] for [2.2F(MeCN)]BArF4. 
_____________________________________________________ 
Rh(1)-O(1)  2.061(4) 
Rh(1)-C(2)  2.088(7) 
Rh(1)-N(1)  2.090(5) 
Rh(1)-C(82)  2.108(10) 
Rh(1)-N(2)  2.119(7) 
Rh(1)-C(1)  2.127(7) 
Rh(1)-C(83)  2.140(11) 
Rh(1)-C(81)  2.142(11) 
Rh(1)-C(3)  2.147(7) 
Rh(1)-C(84)  2.192(11) 
Rh(1)-C(80)  2.194(11) 
Rh(1)-C(5)  2.209(7) 
F(1)-C(31)  1.347(12) 
F(2)-C(31)  1.379(12) 
F(3)-C(31)  1.345(12) 
O(1)-C(11)  1.305(7) 
N(1)-C(16)  1.337(7) 
N(1)-C(17)  1.410(9) 
N(2)-C(32)  1.132(9) 
C(1)-C(2)  1.4200 
C(1)-C(5)  1.4200 
C(1)-C(6)  1.5095 
C(2)-C(3)  1.4200 
C(2)-C(7)  1.5095 
C(3)-C(4)  1.4200 
C(3)-C(8)  1.5095 
C(4)-C(5)  1.4200 
C(4)-C(9)  1.5095 
C(5)-C(10)  1.5095 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-H(7A)  0.9800 
C(7)-H(7B)  0.9800 
C(7)-H(7C)  0.9800 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-C(12)  1.413(9) 
C(11)-C(16)  1.443(8) 
C(12)-C(13)  1.366(9) 
C(12)-C(23)  1.545(9) 
C(13)-C(14)  1.409(9) 
C(13)-H(13A)  0.9500 
C(14)-C(15)  1.376(9) 
C(14)-C(27)  1.536(10) 
C(15)-C(16)  1.417(8) 
C(15)-H(15A)  0.9500 
C(17)-C(18)  1.323(12) 
C(17)-C(22)  1.479(13) 
C(18)-C(31)  1.427(15) 
C(18)-C(19)  1.456(14) 
C(19)-C(20)  1.333(18) 
C(19)-H(19A)  0.9500 
C(20)-C(21)  1.477(18) 
C(20)-H(20A)  0.9500 
C(21)-C(22)  1.395(12) 
C(21)-H(21A)  0.9500 
C(22)-H(22A)  0.9500 
C(23)-C(25)  1.522(13) 
C(23)-C(24)  1.536(14) 
C(23)-C(26)  1.554(11) 
C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-H(25A)  0.9800 
C(25)-H(25B)  0.9800 
C(25)-H(25C)  0.9800 
C(26)-H(26A)  0.9800 
C(26)-H(26B)  0.9800 
C(26)-H(26C)  0.9800 
C(27)-C(28)  1.511(12) 
C(27)-C(29)  1.517(14) 
C(27)-C(30)  1.537(13) 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-H(30A)  0.9800 
C(30)-H(30B)  0.9800 
C(30)-H(30C)  0.9800 
C(32)-C(33)  1.469(12) 
C(33)-H(33A)  0.9800 
C(33)-H(33B)  0.9800 
C(33)-H(33C)  0.9800 
C(34)-C(35)  1.389(9) 
C(34)-C(39)  1.394(9) 
C(34)-B(1)  1.640(9) 
C(35)-C(36)  1.397(10) 
C(35)-H(35A)  0.9500 
C(36)-C(37)  1.368(11) 
C(36)-C(66)  1.452(10) 
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C(36)-C(40)  1.501(11) 
C(37)-C(38)  1.360(11) 
C(37)-H(37A)  0.9500 
C(38)-C(39)  1.400(9) 
C(38)-C(67)  1.445(11) 
C(38)-C(41)  1.495(11) 
C(39)-H(39A)  0.9500 
C(40)-F(40B)  1.344(7) 
C(40)-F(40C)  1.349(7) 
C(40)-F(40A)  1.351(7) 
C(41)-F(41B)  1.342(7) 
C(41)-F(41C)  1.343(7) 
C(41)-F(41A)  1.350(7) 
C(42)-C(47)  1.386(9) 
C(42)-C(43)  1.405(8) 
C(42)-B(1)  1.625(9) 
C(43)-C(44)  1.386(9) 
C(43)-H(43A)  0.9500 
C(44)-C(45)  1.394(10) 
C(44)-C(68)  1.468(10) 
C(44)-C(48)  1.473(10) 
C(45)-C(46)  1.377(10) 
C(45)-H(45A)  0.9500 
C(46)-C(47)  1.392(9) 
C(46)-C(69)  1.471(11) 
C(46)-C(49)  1.478(10) 
C(47)-H(47A)  0.9500 
C(48)-F(48A)  1.338(7) 
C(48)-F(48B)  1.340(7) 
C(48)-F(48C)  1.352(7) 
C(49)-F(49A)  1.338(7) 
C(49)-F(49B)  1.340(7) 
C(49)-F(49C)  1.344(7) 
C(50)-C(55)  1.378(8) 
C(50)-C(51)  1.403(9) 
C(50)-B(1)  1.638(9) 
C(51)-C(52)  1.389(9) 
C(51)-H(51A)  0.9500 
C(52)-C(53)  1.371(9) 
C(52)-C(70)  1.465(10) 
C(52)-C(56)  1.481(10) 
C(53)-C(54)  1.378(10) 
C(53)-H(53A)  0.9500 
C(54)-C(55)  1.395(9) 
C(54)-C(71)  1.469(11) 
C(54)-C(57)  1.476(10) 
C(55)-H(55A)  0.9500 
C(56)-F(56A)  1.340(7) 
C(56)-F(56C)  1.341(7) 
C(56)-F(56B)  1.344(7) 
C(57)-F(57C)  1.339(7) 
C(57)-F(57A)  1.340(7) 
C(57)-F(57B)  1.343(7) 
C(58)-C(59)  1.393(8) 
C(58)-C(63)  1.405(8) 
C(58)-B(1)  1.658(9) 
C(59)-C(60)  1.388(8) 
C(59)-H(59A)  0.9500 
C(60)-C(61)  1.373(9) 
C(60)-C(72)  1.474(10) 
C(60)-C(64)  1.493(10) 
C(61)-C(62)  1.372(9) 
C(61)-H(61A)  0.9500 
C(62)-C(63)  1.372(8) 
C(62)-C(65)  1.482(9) 
C(62)-C(73)  1.492(11) 
C(63)-H(63A)  0.9500 
C(64)-F(64B)  1.336(7) 
C(64)-F(64A)  1.340(7) 
C(64)-F(64C)  1.347(7) 
C(65)-F(65B)  1.338(6) 
C(65)-F(65A)  1.341(6) 
C(65)-F(65C)  1.344(6) 
C(66)-F(66A)  1.338(7) 
C(66)-F(66B)  1.340(7) 
C(66)-F(66C)  1.341(7) 
C(67)-F(67A)  1.334(7) 
C(67)-F(67B)  1.336(7) 
C(67)-F(67C)  1.337(7) 
C(68)-F(68C)  1.334(7) 
C(68)-F(68B)  1.340(7) 
C(68)-F(68A)  1.346(7) 
C(69)-F(69C)  1.336(7) 
C(69)-F(69A)  1.341(7) 
C(69)-F(69B)  1.341(7) 
C(70)-F(70A)  1.335(7) 
C(70)-F(70B)  1.339(7) 
C(70)-F(70C)  1.341(7) 
C(71)-F(71B)  1.339(7) 
C(71)-F(71A)  1.339(7) 
C(71)-F(71C)  1.343(7) 
C(72)-F(72C)  1.330(7) 
C(72)-F(72A)  1.336(7) 
C(72)-F(72B)  1.344(7) 
C(73)-F(73C)  1.343(7) 
C(73)-F(73A)  1.344(7) 
C(73)-F(73B)  1.344(7) 
N(3)-C(74)  1.134(17) 
C(74)-C(75)  1.470(18) 
C(75)-H(75A)  0.9800 
C(75)-H(75B)  0.9800 
C(75)-H(75C)  0.9800 
C(80)-C(81)  1.4200 
C(80)-C(84)  1.4200 
C(80)-C(85)  1.5095 
C(81)-C(82)  1.4200 
C(81)-C(86)  1.5095 
C(82)-C(83)  1.4200 
C(82)-C(87)  1.5095 
C(83)-C(84)  1.4200 
C(83)-C(88)  1.5095 
C(84)-C(89)  1.5095 
C(85)-H(85A)  0.9800 
C(85)-H(85B)  0.9800 
C(85)-H(85C)  0.9800 
C(86)-H(86A)  0.9800 
C(86)-H(86B)  0.9800 
C(86)-H(86C)  0.9800 
C(87)-H(87A)  0.9800 
C(87)-H(87B)  0.9800 
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C(87)-H(87C)  0.9800 
C(88)-H(88A)  0.9800 
C(88)-H(88B)  0.9800 
C(88)-H(88C)  0.9800 
C(89)-H(89A)  0.9800 
C(89)-H(89B)  0.9800 
C(89)-H(89C)  0.9800 
N(4)-C(76)  1.1401 
C(76)-C(77)  1.4399 
C(77)-H(77A)  0.9800 
C(77)-H(77B)  0.9801 
C(77)-H(77C)  0.9800 
N(5)-C(78)  1.1400 
C(78)-C(79)  1.4400 
C(79)-H(79A)  0.9800 
C(79)-H(79B)  0.9800 
C(79)-H(79C)  0.9801 
 
O(1)-Rh(1)-C(2) 94.6(2) 
O(1)-Rh(1)-N(1) 77.53(18) 
C(2)-Rh(1)-N(1) 142.9(3) 
O(1)-Rh(1)-C(82) 143.6(4) 
C(2)-Rh(1)-C(82) 57.6(4) 
N(1)-Rh(1)-C(82) 138.8(4) 
O(1)-Rh(1)-N(2) 83.2(2) 
C(2)-Rh(1)-N(2) 125.4(3) 
N(1)-Rh(1)-N(2) 90.0(2) 
C(82)-Rh(1)-N(2) 94.4(3) 
O(1)-Rh(1)-C(1) 108.2(2) 
C(2)-Rh(1)-C(1) 39.36(13) 
N(1)-Rh(1)-C(1) 108.4(2) 
C(82)-Rh(1)-C(1) 66.4(3) 
N(2)-Rh(1)-C(1) 159.8(2) 
O(1)-Rh(1)-C(83) 151.8(3) 
C(2)-Rh(1)-C(83) 64.2(3) 
N(1)-Rh(1)-C(83) 107.6(3) 
C(82)-Rh(1)-C(83) 39.05(19) 
N(2)-Rh(1)-C(83) 123.7(4) 
C(1)-Rh(1)-C(83) 43.6(4) 
O(1)-Rh(1)-C(81) 105.5(4) 
C(2)-Rh(1)-C(81) 28.1(4) 
N(1)-Rh(1)-C(81) 169.5(3) 
C(82)-Rh(1)-C(81) 39.02(18) 
N(2)-Rh(1)-C(81) 100.3(3) 
C(1)-Rh(1)-C(81) 61.1(3) 
C(83)-Rh(1)-C(81) 64.9(3) 
O(1)-Rh(1)-C(3) 117.9(2) 
C(2)-Rh(1)-C(3) 39.15(12) 
N(1)-Rh(1)-C(3) 164.2(2) 
C(82)-Rh(1)-C(3) 25.8(4) 
N(2)-Rh(1)-C(3) 95.1(2) 
C(1)-Rh(1)-C(3) 65.04(18) 
C(83)-Rh(1)-C(3) 57.3(3) 
C(81)-Rh(1)-C(3) 13.9(4) 
O(1)-Rh(1)-C(84) 113.6(3) 
C(2)-Rh(1)-C(84) 44.4(3) 
N(1)-Rh(1)-C(84) 105.5(3) 
C(82)-Rh(1)-C(84) 64.6(3) 
N(2)-Rh(1)-C(84) 158.9(3) 
C(1)-Rh(1)-C(84) 6.5(4) 
C(83)-Rh(1)-C(84) 38.25(19) 
C(81)-Rh(1)-C(84) 64.0(3) 
C(3)-Rh(1)-C(84) 66.3(3) 
O(1)-Rh(1)-C(80) 91.8(3) 
C(2)-Rh(1)-C(80) 10.2(4) 
N(1)-Rh(1)-C(80) 132.7(3) 
C(82)-Rh(1)-C(80) 64.5(3) 
N(2)-Rh(1)-C(80) 134.9(3) 
C(1)-Rh(1)-C(80) 32.0(3) 
C(83)-Rh(1)-C(80) 64.0(3) 
C(81)-Rh(1)-C(80) 38.21(19) 
C(3)-Rh(1)-C(80) 48.6(3) 
C(84)-Rh(1)-C(80) 37.78(19) 
O(1)-Rh(1)-C(5) 145.2(2) 
C(2)-Rh(1)-C(5) 64.59(18) 
N(1)-Rh(1)-C(5) 102.0(2) 
C(82)-Rh(1)-C(5) 47.3(3) 
N(2)-Rh(1)-C(5) 131.4(3) 
C(1)-Rh(1)-C(5) 38.18(11) 
C(83)-Rh(1)-C(5) 8.8(4) 
C(81)-Rh(1)-C(5) 69.7(3) 
C(3)-Rh(1)-C(5) 63.66(16) 
C(84)-Rh(1)-C(5) 32.2(4) 
C(80)-Rh(1)-C(5) 62.7(3) 
C(11)-O(1)-Rh(1) 115.8(4) 
C(16)-N(1)-C(17) 118.2(5) 
C(16)-N(1)-Rh(1) 114.3(4) 
C(17)-N(1)-Rh(1) 126.4(4) 
C(32)-N(2)-Rh(1) 170.5(7) 
C(2)-C(1)-C(5) 108.0 
C(2)-C(1)-C(6) 126.0 
C(5)-C(1)-C(6) 126.0 
C(2)-C(1)-Rh(1) 68.8(2) 
C(5)-C(1)-Rh(1) 74.0(2) 
C(6)-C(1)-Rh(1) 122.8(2) 
C(3)-C(2)-C(1) 108.0 
C(3)-C(2)-C(7) 126.0 
C(1)-C(2)-C(7) 126.0 
C(3)-C(2)-Rh(1) 72.7(2) 
C(1)-C(2)-Rh(1) 71.8(2) 
C(7)-C(2)-Rh(1) 121.2(2) 
C(2)-C(3)-C(4) 108.0 
C(2)-C(3)-C(8) 126.0 
C(4)-C(3)-C(8) 126.0 
C(2)-C(3)-Rh(1) 68.2(2) 
C(4)-C(3)-Rh(1) 73.9(2) 
C(8)-C(3)-Rh(1) 123.6(2) 
C(5)-C(4)-C(3) 108.0 
C(5)-C(4)-C(9) 126.0 
C(3)-C(4)-C(9) 126.0 
C(5)-C(4)-Rh(1) 70.8(2) 
C(3)-C(4)-Rh(1) 68.2(2) 
C(9)-C(4)-Rh(1) 126.5(2) 
C(4)-C(5)-C(1) 108.0 
C(4)-C(5)-C(10) 126.0 
C(1)-C(5)-C(10) 126.0 
C(4)-C(5)-Rh(1) 71.8(2) 
C(1)-C(5)-Rh(1) 67.8(2) 
C(10)-C(5)-Rh(1) 126.0(2) 
C(1)-C(6)-H(6A) 109.5 
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C(1)-C(6)-H(6B) 109.5 
H(6A)-C(6)-H(6B) 109.5 
C(1)-C(6)-H(6C) 109.5 
H(6A)-C(6)-H(6C) 109.5 
H(6B)-C(6)-H(6C) 109.5 
C(2)-C(7)-H(7A) 109.5 
C(2)-C(7)-H(7B) 109.5 
H(7A)-C(7)-H(7B) 109.5 
C(2)-C(7)-H(7C) 109.5 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
C(3)-C(8)-H(8A) 109.5 
C(3)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
C(3)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
C(4)-C(9)-H(9A) 109.5 
C(4)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
C(4)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(5)-C(10)-H(10A) 109.5 
C(5)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(5)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
O(1)-C(11)-C(12) 123.5(6) 
O(1)-C(11)-C(16) 116.4(6) 
C(12)-C(11)-C(16) 120.1(6) 
C(13)-C(12)-C(11) 116.4(6) 
C(13)-C(12)-C(23) 122.7(6) 
C(11)-C(12)-C(23) 120.9(6) 
C(12)-C(13)-C(14) 125.7(6) 
C(12)-C(13)-H(13A) 117.2 
C(14)-C(13)-H(13A) 117.2 
C(15)-C(14)-C(13) 118.0(6) 
C(15)-C(14)-C(27) 122.2(6) 
C(13)-C(14)-C(27) 119.7(6) 
C(14)-C(15)-C(16) 120.0(6) 
C(14)-C(15)-H(15A) 120.0 
C(16)-C(15)-H(15A) 120.0 
N(1)-C(16)-C(15) 125.0(5) 
N(1)-C(16)-C(11) 115.4(5) 
C(15)-C(16)-C(11) 119.6(5) 
C(18)-C(17)-N(1) 126.3(9) 
C(18)-C(17)-C(22) 118.0(9) 
N(1)-C(17)-C(22) 115.7(7) 
C(17)-C(18)-C(31) 121.0(10) 
C(17)-C(18)-C(19) 124.7(12) 
C(31)-C(18)-C(19) 114.3(11) 
C(20)-C(19)-C(18) 114.4(12) 
C(20)-C(19)-H(19A) 122.8 
C(18)-C(19)-H(19A) 122.8 
C(19)-C(20)-C(21) 127.6(12) 
C(19)-C(20)-H(20A) 116.2 
C(21)-C(20)-H(20A) 116.2 
C(22)-C(21)-C(20) 113.1(13) 
C(22)-C(21)-H(21A) 123.5 
C(20)-C(21)-H(21A) 123.5 
C(21)-C(22)-C(17) 122.0(12) 
C(21)-C(22)-H(22A) 119.0 
C(17)-C(22)-H(22A) 119.0 
C(25)-C(23)-C(24) 109.9(9) 
C(25)-C(23)-C(12) 108.7(7) 
C(24)-C(23)-C(12) 110.1(7) 
C(25)-C(23)-C(26) 108.7(8) 
C(24)-C(23)-C(26) 108.0(8) 
C(12)-C(23)-C(26) 111.4(6) 
C(23)-C(24)-H(24A) 109.5 
C(23)-C(24)-H(24B) 109.5 
H(24A)-C(24)-H(24B) 109.5 
C(23)-C(24)-H(24C) 109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
C(23)-C(25)-H(25A) 109.5 
C(23)-C(25)-H(25B) 109.5 
H(25A)-C(25)-H(25B) 109.5 
C(23)-C(25)-H(25C) 109.5 
H(25A)-C(25)-H(25C) 109.5 
H(25B)-C(25)-H(25C) 109.5 
C(23)-C(26)-H(26A) 109.5 
C(23)-C(26)-H(26B) 109.5 
H(26A)-C(26)-H(26B) 109.5 
C(23)-C(26)-H(26C) 109.5 
H(26A)-C(26)-H(26C) 109.5 
H(26B)-C(26)-H(26C) 109.5 
C(28)-C(27)-C(29) 111.5(9) 
C(28)-C(27)-C(14) 111.9(7) 
C(29)-C(27)-C(14) 108.5(8) 
C(28)-C(27)-C(30) 108.4(9) 
C(29)-C(27)-C(30) 107.3(9) 
C(14)-C(27)-C(30) 109.0(7) 
C(27)-C(28)-H(28A) 109.5 
C(27)-C(28)-H(28B) 109.5 
H(28A)-C(28)-H(28B) 109.5 
C(27)-C(28)-H(28C) 109.5 
H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 
C(27)-C(29)-H(29A) 109.5 
C(27)-C(29)-H(29B) 109.5 
H(29A)-C(29)-H(29B) 109.5 
C(27)-C(29)-H(29C) 109.5 
H(29A)-C(29)-H(29C) 109.5 
H(29B)-C(29)-H(29C) 109.5 
C(27)-C(30)-H(30A) 109.5 
C(27)-C(30)-H(30B) 109.5 
H(30A)-C(30)-H(30B) 109.5 
C(27)-C(30)-H(30C) 109.5 
H(30A)-C(30)-H(30C) 109.5 
H(30B)-C(30)-H(30C) 109.5 
F(3)-C(31)-F(1) 103.9(9) 
F(3)-C(31)-F(2) 103.2(10) 
F(1)-C(31)-F(2) 100.5(10) 
F(3)-C(31)-C(18) 115.1(11) 
F(1)-C(31)-C(18) 117.4(10) 
F(2)-C(31)-C(18) 114.7(9) 
N(2)-C(32)-C(33) 178.6(10) 
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C(32)-C(33)-H(33A) 109.5 
C(32)-C(33)-H(33B) 109.5 
H(33A)-C(33)-H(33B) 109.5 
C(32)-C(33)-H(33C) 109.5 
H(33A)-C(33)-H(33C) 109.5 
H(33B)-C(33)-H(33C) 109.5 
C(35)-C(34)-C(39) 114.4(6) 
C(35)-C(34)-B(1) 122.3(6) 
C(39)-C(34)-B(1) 122.7(5) 
C(34)-C(35)-C(36) 122.9(7) 
C(34)-C(35)-H(35A) 118.5 
C(36)-C(35)-H(35A) 118.5 
C(37)-C(36)-C(35) 120.2(7) 
C(37)-C(36)-C(66) 119.3(8) 
C(35)-C(36)-C(66) 120.5(8) 
C(37)-C(36)-C(40) 123.8(8) 
C(35)-C(36)-C(40) 115.9(8) 
C(38)-C(37)-C(36) 119.4(7) 
C(38)-C(37)-H(37A) 120.3 
C(36)-C(37)-H(37A) 120.3 
C(37)-C(38)-C(39) 119.8(7) 
C(37)-C(38)-C(67) 118.2(8) 
C(39)-C(38)-C(67) 121.9(8) 
C(37)-C(38)-C(41) 123.3(8) 
C(39)-C(38)-C(41) 116.9(8) 
C(34)-C(39)-C(38) 123.2(7) 
C(34)-C(39)-H(39A) 118.4 
C(38)-C(39)-H(39A) 118.4 
F(40B)-C(40)-F(40C) 103.7(7) 
F(40B)-C(40)-F(40A) 104.1(7) 
F(40C)-C(40)-F(40A) 104.0(7) 
F(40B)-C(40)-C(36) 110.9(10) 
F(40C)-C(40)-C(36) 113.6(10) 
F(40A)-C(40)-C(36) 119.0(10) 
F(41B)-C(41)-F(41C) 104.7(7) 
F(41B)-C(41)-F(41A) 104.1(7) 
F(41C)-C(41)-F(41A) 104.6(7) 
F(41B)-C(41)-C(38) 114.1(9) 
F(41C)-C(41)-C(38) 111.8(8) 
F(41A)-C(41)-C(38) 116.4(9) 
C(47)-C(42)-C(43) 115.6(6) 
C(47)-C(42)-B(1) 125.1(6) 
C(43)-C(42)-B(1) 119.1(5) 
C(44)-C(43)-C(42) 122.8(6) 
C(44)-C(43)-H(43A) 118.6 
C(42)-C(43)-H(43A) 118.6 
C(43)-C(44)-C(45) 119.7(6) 
C(43)-C(44)-C(68) 118.4(7) 
C(45)-C(44)-C(68) 121.8(7) 
C(43)-C(44)-C(48) 118.2(7) 
C(45)-C(44)-C(48) 121.7(7) 
C(46)-C(45)-C(44) 118.7(6) 
C(46)-C(45)-H(45A) 120.7 
C(44)-C(45)-H(45A) 120.7 
C(45)-C(46)-C(47) 120.8(6) 
C(45)-C(46)-C(69) 118.5(7) 
C(47)-C(46)-C(69) 120.8(7) 
C(45)-C(46)-C(49) 120.3(7) 
C(47)-C(46)-C(49) 118.9(7) 
C(42)-C(47)-C(46) 122.4(6) 
C(42)-C(47)-H(47A) 118.8 
C(46)-C(47)-H(47A) 118.8 
F(48A)-C(48)-F(48B) 105.7(7) 
F(48A)-C(48)-F(48C) 104.4(7) 
F(48B)-C(48)-F(48C) 103.2(7) 
F(48A)-C(48)-C(44) 114.4(8) 
F(48B)-C(48)-C(44) 112.6(9) 
F(48C)-C(48)-C(44) 115.5(8) 
F(49A)-C(49)-F(49B) 104.9(7) 
F(49A)-C(49)-F(49C) 105.8(7) 
F(49B)-C(49)-F(49C) 104.5(7) 
F(49A)-C(49)-C(46) 114.8(8) 
F(49B)-C(49)-C(46) 113.8(8) 
F(49C)-C(49)-C(46) 112.2(8) 
C(55)-C(50)-C(51) 114.5(6) 
C(55)-C(50)-B(1) 124.3(6) 
C(51)-C(50)-B(1) 120.7(5) 
C(52)-C(51)-C(50) 123.0(6) 
C(52)-C(51)-H(51A) 118.5 
C(50)-C(51)-H(51A) 118.5 
C(53)-C(52)-C(51) 120.3(6) 
C(53)-C(52)-C(70) 117.6(7) 
C(51)-C(52)-C(70) 122.2(7) 
C(53)-C(52)-C(56) 122.5(7) 
C(51)-C(52)-C(56) 117.2(7) 
C(52)-C(53)-C(54) 118.6(6) 
C(52)-C(53)-H(53A) 120.7 
C(54)-C(53)-H(53A) 120.7 
C(53)-C(54)-C(55) 120.2(6) 
C(53)-C(54)-C(71) 117.2(8) 
C(55)-C(54)-C(71) 122.6(8) 
C(53)-C(54)-C(57) 122.6(7) 
C(55)-C(54)-C(57) 117.1(7) 
C(50)-C(55)-C(54) 123.4(6) 
C(50)-C(55)-H(55A) 118.3 
C(54)-C(55)-H(55A) 118.3 
F(56A)-C(56)-F(56C) 105.3(7) 
F(56A)-C(56)-F(56B) 104.7(7) 
F(56C)-C(56)-F(56B) 104.2(7) 
F(56A)-C(56)-C(52) 116.1(9) 
F(56C)-C(56)-C(52) 113.5(9) 
F(56B)-C(56)-C(52) 112.0(9) 
F(57C)-C(57)-F(57A) 105.1(7) 
F(57C)-C(57)-F(57B) 104.3(7) 
F(57A)-C(57)-F(57B) 105.3(7) 
F(57C)-C(57)-C(54) 115.8(8) 
F(57A)-C(57)-C(54) 114.1(8) 
F(57B)-C(57)-C(54) 111.3(8) 
C(59)-C(58)-C(63) 115.5(5) 
C(59)-C(58)-B(1) 121.4(5) 
C(63)-C(58)-B(1) 122.8(5) 
C(60)-C(59)-C(58) 122.1(6) 
C(60)-C(59)-H(59A) 118.9 
C(58)-C(59)-H(59A) 118.9 
C(61)-C(60)-C(59) 120.9(6) 
C(61)-C(60)-C(72) 117.2(6) 
C(59)-C(60)-C(72) 121.9(6) 
C(61)-C(60)-C(64) 120.9(7) 
C(59)-C(60)-C(64) 118.2(7) 
C(62)-C(61)-C(60) 117.8(6) 
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C(62)-C(61)-H(61A) 121.1 
C(60)-C(61)-H(61A) 121.1 
C(61)-C(62)-C(63) 121.9(6) 
C(61)-C(62)-C(65) 119.3(6) 
C(63)-C(62)-C(65) 118.8(6) 
C(61)-C(62)-C(73) 120.0(8) 
C(63)-C(62)-C(73) 118.1(8) 
C(62)-C(63)-C(58) 121.6(6) 
C(62)-C(63)-H(63A) 119.2 
C(58)-C(63)-H(63A) 119.2 
F(64B)-C(64)-F(64A) 105.4(7) 
F(64B)-C(64)-F(64C) 104.3(7) 
F(64A)-C(64)-F(64C) 105.1(7) 
F(64B)-C(64)-C(60) 112.3(9) 
F(64A)-C(64)-C(60) 114.7(9) 
F(64C)-C(64)-C(60) 114.1(9) 
F(65B)-C(65)-F(65A) 105.9(6) 
F(65B)-C(65)-F(65C) 104.5(6) 
F(65A)-C(65)-F(65C) 106.2(6) 
F(65B)-C(65)-C(62) 110.0(8) 
F(65A)-C(65)-C(62) 114.6(8) 
F(65C)-C(65)-C(62) 114.8(8) 
C(42)-B(1)-C(50) 114.7(5) 
C(42)-B(1)-C(34) 111.5(5) 
C(50)-B(1)-C(34) 103.7(5) 
C(42)-B(1)-C(58) 104.5(5) 
C(50)-B(1)-C(58) 110.7(5) 
C(34)-B(1)-C(58) 112.0(5) 
F(66A)-C(66)-F(66B) 105.5(7) 
F(66A)-C(66)-F(66C) 105.6(7) 
F(66B)-C(66)-F(66C) 104.3(7) 
F(66A)-C(66)-C(36) 114.3(8) 
F(66B)-C(66)-C(36) 112.0(8) 
F(66C)-C(66)-C(36) 114.3(8) 
F(67A)-C(67)-F(67B) 106.0(7) 
F(67A)-C(67)-F(67C) 106.2(7) 
F(67B)-C(67)-F(67C) 105.2(7) 
F(67A)-C(67)-C(38) 113.8(9) 
F(67B)-C(67)-C(38) 111.5(9) 
F(67C)-C(67)-C(38) 113.4(10) 
F(68C)-C(68)-F(68B) 104.8(7) 
F(68C)-C(68)-F(68A) 104.9(7) 
F(68B)-C(68)-F(68A) 104.6(7) 
F(68C)-C(68)-C(44) 115.6(9) 
F(68B)-C(68)-C(44) 110.2(9) 
F(68A)-C(68)-C(44) 115.5(10) 
F(69C)-C(69)-F(69A) 106.0(7) 
F(69C)-C(69)-F(69B) 104.4(7) 
F(69A)-C(69)-F(69B) 105.0(7) 
F(69C)-C(69)-C(46) 111.9(9) 
F(69A)-C(69)-C(46) 115.4(11) 
F(69B)-C(69)-C(46) 113.2(10) 
F(70A)-C(70)-F(70B) 105.2(7) 
F(70A)-C(70)-F(70C) 105.9(7) 
F(70B)-C(70)-F(70C) 104.2(7) 
F(70A)-C(70)-C(52) 114.6(8) 
F(70B)-C(70)-C(52) 113.6(8) 
F(70C)-C(70)-C(52) 112.4(8) 
F(71B)-C(71)-F(71A) 105.1(7) 
F(71B)-C(71)-F(71C) 104.1(7) 
F(71A)-C(71)-F(71C) 105.7(7) 
F(71B)-C(71)-C(54) 110.9(10) 
F(71A)-C(71)-C(54) 115.2(12) 
F(71C)-C(71)-C(54) 114.8(10) 
F(72C)-C(72)-F(72A) 106.6(7) 
F(72C)-C(72)-F(72B) 104.4(6) 
F(72A)-C(72)-F(72B) 105.3(7) 
F(72C)-C(72)-C(60) 112.2(7) 
F(72A)-C(72)-C(60) 114.7(8) 
F(72B)-C(72)-C(60) 112.8(8) 
F(73C)-C(73)-F(73A) 105.1(7) 
F(73C)-C(73)-F(73B) 104.6(7) 
F(73A)-C(73)-F(73B) 104.4(7) 
F(73C)-C(73)-C(62) 113.2(14) 
F(73A)-C(73)-C(62) 118.7(14) 
F(73B)-C(73)-C(62) 109.6(14) 
N(3)-C(74)-C(75) 176.4(18) 
C(74)-C(75)-H(75A) 109.5 
C(74)-C(75)-H(75B) 109.5 
H(75A)-C(75)-H(75B) 109.5 
C(74)-C(75)-H(75C) 109.5 
H(75A)-C(75)-H(75C) 109.5 
H(75B)-C(75)-H(75C) 109.5 
C(81)-C(80)-C(84) 108.0 
C(81)-C(80)-C(85) 126.0 
C(84)-C(80)-C(85) 126.0 
C(81)-C(80)-Rh(1) 68.9(3) 
C(84)-C(80)-Rh(1) 71.1(3) 
C(85)-C(80)-Rh(1) 125.6(3) 
C(82)-C(81)-C(80) 108.0 
C(82)-C(81)-C(86) 126.0 
C(80)-C(81)-C(86) 126.0 
C(82)-C(81)-Rh(1) 69.2(4) 
C(80)-C(81)-Rh(1) 72.9(4) 
C(86)-C(81)-Rh(1) 123.6(3) 
C(81)-C(82)-C(83) 108.0 
C(81)-C(82)-C(87) 126.0 
C(83)-C(82)-C(87) 126.0 
C(81)-C(82)-Rh(1) 71.8(4) 
C(83)-C(82)-Rh(1) 71.7(4) 
C(87)-C(82)-Rh(1) 122.2(4) 
C(84)-C(83)-C(82) 108.0 
C(84)-C(83)-C(88) 126.0 
C(82)-C(83)-C(88) 126.0 
C(84)-C(83)-Rh(1) 72.9(4) 
C(82)-C(83)-Rh(1) 69.3(3) 
C(88)-C(83)-Rh(1) 123.5(3) 
C(83)-C(84)-C(80) 108.0 
C(83)-C(84)-C(89) 126.0 
C(80)-C(84)-C(89) 126.0 
C(83)-C(84)-Rh(1) 68.9(3) 
C(80)-C(84)-Rh(1) 71.2(3) 
C(89)-C(84)-Rh(1) 125.5(3) 
C(80)-C(85)-H(85A) 109.5 
C(80)-C(85)-H(85B) 109.5 
H(85A)-C(85)-H(85B) 109.5 
C(80)-C(85)-H(85C) 109.5 
H(85A)-C(85)-H(85C) 109.5 
H(85B)-C(85)-H(85C) 109.5 
C(81)-C(86)-H(86A) 109.5 
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C(81)-C(86)-H(86B) 109.5 
H(86A)-C(86)-H(86B) 109.5 
C(81)-C(86)-H(86C) 109.5 
H(86A)-C(86)-H(86C) 109.5 
H(86B)-C(86)-H(86C) 109.5 
C(82)-C(87)-H(87A) 109.5 
C(82)-C(87)-H(87B) 109.5 
H(87A)-C(87)-H(87B) 109.5 
C(82)-C(87)-H(87C) 109.5 
H(87A)-C(87)-H(87C) 109.5 
H(87B)-C(87)-H(87C) 109.5 
C(83)-C(88)-H(88A) 109.5 
C(83)-C(88)-H(88B) 109.5 
H(88A)-C(88)-H(88B) 109.5 
C(83)-C(88)-H(88C) 109.5 
H(88A)-C(88)-H(88C) 109.5 
H(88B)-C(88)-H(88C) 109.5 
C(84)-C(89)-H(89A) 109.5 
C(84)-C(89)-H(89B) 109.5 
H(89A)-C(89)-H(89B) 109.5 
C(84)-C(89)-H(89C) 109.5 
H(89A)-C(89)-H(89C) 109.5 
H(89B)-C(89)-H(89C) 109.5 
N(4)-C(76)-C(77) 180.0 
C(76)-C(77)-H(77A) 109.5 
C(76)-C(77)-H(77B) 109.5 
H(77A)-C(77)-H(77B) 109.5 
C(76)-C(77)-H(77C) 109.5 
H(77A)-C(77)-H(77C) 109.5 
H(77B)-C(77)-H(77C) 109.5 
N(5)-C(78)-C(79) 180.0 
H(79C)-C(79)-H(79A) 109.5 
H(79B)-C(79)-H(79A) 109.5 
H(79C)-C(79)-H(79B) 109.5 
C(78)-C(79)-H(79A) 109.5 
C(78)-C(79)-H(79B) 109.5 
C(78)-C(79)-H(79C) 109.5 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
 
Table D.13.   Crystal data and structure refinement for [5.1H]BF4. 
Identification code  g65zas 
Empirical formula  C30 H49 B Cl4 F4 Ir N O 
Formula weight  860.51 
Temperature  198(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1    
Unit cell dimensions a = 10.944(3) Å a= 80.669(4)°. 
 b = 11.270(3) Å b= 85.839(4)°. 
 c = 15.807(5) Å g = 77.605(4)°. 
Volume 1877.5(9) Å3 
Z 2 
Density (calculated) 1.522 Mg/m3 
Absorption coefficient 3.883 mm-1 
F(000) 860 
Crystal size 0.38 x 0.30 x 0.16 mm3 
Theta range for data collection 1.87 to 28.11°. 
Index ranges -14<=h<=14, -14<=k<=14, -20<=l<=20 
Reflections collected 23303 
Independent reflections 8913 [R(int) = 0.0250] 
Completeness to theta = 28.11° 97.3 %  
Absorption correction Integration 
Max. and min. transmission 0.5732 and 0.2545 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8913 / 179 / 481 
Goodness-of-fit on F2 1.036 
Final R indices [I>2sigma(I)] R1 = 0.0218, wR2 = 0.0501 
R indices (all data) R1 = 0.0291, wR2 = 0.0521 
Largest diff. peak and hole 1.167 and -0.511 e.Å-3 
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Table D.14.    Bond lengths [Å] and angles [°] for [5.1H]BF4. 
_____________________________________________________ 
Ir(1)-O(1)  1.9659(18) 
Ir(1)-C(4)  2.115(2) 
Ir(1)-C(3)  2.133(2) 
Ir(1)-N(1)  2.142(2) 
Ir(1)-C(2)  2.144(3) 
Ir(1)-C(1)  2.182(3) 
Ir(1)-C(5)  2.208(3) 
O(1)-C(11)  1.361(3) 
N(1)-C(12)  1.469(3) 
N(1)-C(25)  1.557(3) 
N(1)-H(1)  0.82(3) 
C(1)-C(5)  1.425(4) 
C(1)-C(2)  1.464(4) 
C(1)-C(6)  1.494(4) 
C(2)-C(3)  1.417(4) 
C(2)-C(7)  1.500(4) 
C(3)-C(4)  1.458(4) 
C(3)-C(8)  1.495(4) 
C(4)-C(5)  1.435(4) 
C(4)-C(9)  1.502(4) 
C(5)-C(10)  1.499(4) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-H(7A)  0.9800 
C(7)-H(7B)  0.9800 
C(7)-H(7C)  0.9800 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-C(12)  1.388(4) 
C(11)-C(16)  1.405(4) 
C(12)-C(13)  1.382(4) 
C(13)-C(14)  1.393(4) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.393(4) 
C(14)-C(21)  1.547(4) 
C(15)-C(16)  1.401(4) 
C(15)-H(15)  0.9500 
C(16)-C(17)  1.537(4) 
C(17)-C(19)  1.531(5) 
C(17)-C(18)  1.538(4) 
C(17)-C(20)  1.544(4) 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-H(19A)  0.9800 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9800 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(23)  1.523(4) 
C(21)-C(24)  1.528(5) 
C(21)-C(22)  1.528(5) 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9800 
C(23)-H(23A)  0.9800 
C(23)-H(23B)  0.9800 
C(23)-H(23C)  0.9800 
C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-C(27)  1.518(4) 
C(25)-C(26)  1.525(4) 
C(25)-C(28)  1.529(4) 
C(26)-H(26A)  0.9800 
C(26)-H(26B)  0.9800 
C(26)-H(26C)  0.9800 
C(27)-H(27A)  0.9800 
C(27)-H(27B)  0.9800 
C(27)-H(27C)  0.9800 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
B(1)-F(3)  1.364(4) 
B(1)-F(4)  1.366(4) 
B(1)-F(1)  1.372(4) 
B(1)-F(2)  1.388(4) 
C(29)-Cl(1)  1.749(5) 
C(29)-Cl(2)  1.750(6) 
C(29)-H(29A)  0.9900 
C(29)-H(29B)  0.9900 
C(30)-Cl(3)  1.736(7) 
C(30)-Cl(4)  1.743(6) 
C(30)-H(30A)  0.9900 
C(30)-H(30B)  0.9900 
C(31)-Cl(5)  1.746(8) 
C(31)-Cl(6)  1.747(8) 
C(31)-H(31A)  0.9900 
C(31)-H(31B)  0.9900 
C(32)-Cl(8)  1.747(8) 
C(32)-Cl(7)  1.748(8) 
C(32)-H(32A)  0.9900 
C(32)-H(32B)  0.9900 
C(33)-Cl(10)  1.741(8) 
C(33)-Cl(9)  1.746(8) 
C(33)-H(33A)  0.9900 
C(33)-H(33B)  0.9900 
Table D.14 (cont.) 
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O(1)-Ir(1)-C(4) 130.67(9) 
O(1)-Ir(1)-C(3) 102.91(9) 
C(4)-Ir(1)-C(3) 40.15(10) 
O(1)-Ir(1)-N(1) 79.98(8) 
C(4)-Ir(1)-N(1) 120.35(9) 
C(3)-Ir(1)-N(1) 155.18(10) 
O(1)-Ir(1)-C(2) 107.43(9) 
C(4)-Ir(1)-C(2) 66.06(10) 
C(3)-Ir(1)-C(2) 38.71(10) 
N(1)-Ir(1)-C(2) 163.90(9) 
O(1)-Ir(1)-C(1) 140.81(9) 
C(4)-Ir(1)-C(1) 64.89(10) 
C(3)-Ir(1)-C(1) 65.26(10) 
N(1)-Ir(1)-C(1) 127.01(9) 
C(2)-Ir(1)-C(1) 39.54(10) 
O(1)-Ir(1)-C(5) 168.17(8) 
C(4)-Ir(1)-C(5) 38.69(10) 
C(3)-Ir(1)-C(5) 65.45(10) 
N(1)-Ir(1)-C(5) 109.62(9) 
C(2)-Ir(1)-C(5) 65.18(10) 
C(1)-Ir(1)-C(5) 37.88(10) 
C(11)-O(1)-Ir(1) 115.45(15) 
C(12)-N(1)-C(25) 112.64(19) 
C(12)-N(1)-Ir(1) 106.55(14) 
C(25)-N(1)-Ir(1) 113.64(15) 
C(12)-N(1)-H(1) 109(2) 
C(25)-N(1)-H(1) 105(2) 
Ir(1)-N(1)-H(1) 110(2) 
C(5)-C(1)-C(2) 108.5(2) 
C(5)-C(1)-C(6) 127.2(3) 
C(2)-C(1)-C(6) 124.1(3) 
C(5)-C(1)-Ir(1) 72.07(15) 
C(2)-C(1)-Ir(1) 68.83(15) 
C(6)-C(1)-Ir(1) 128.6(2) 
C(3)-C(2)-C(1) 107.7(2) 
C(3)-C(2)-C(7) 127.0(3) 
C(1)-C(2)-C(7) 125.3(3) 
C(3)-C(2)-Ir(1) 70.21(14) 
C(1)-C(2)-Ir(1) 71.63(14) 
C(7)-C(2)-Ir(1) 124.3(2) 
C(2)-C(3)-C(4) 107.7(2) 
C(2)-C(3)-C(8) 126.6(3) 
C(4)-C(3)-C(8) 125.7(3) 
C(2)-C(3)-Ir(1) 71.08(14) 
C(4)-C(3)-Ir(1) 69.27(13) 
C(8)-C(3)-Ir(1) 123.35(19) 
C(5)-C(4)-C(3) 108.5(2) 
C(5)-C(4)-C(9) 125.3(2) 
C(3)-C(4)-C(9) 126.2(2) 
C(5)-C(4)-Ir(1) 74.19(15) 
C(3)-C(4)-Ir(1) 70.58(14) 
C(9)-C(4)-Ir(1) 124.15(19) 
C(1)-C(5)-C(4) 107.5(2) 
C(1)-C(5)-C(10) 128.1(3) 
C(4)-C(5)-C(10) 124.4(2) 
C(1)-C(5)-Ir(1) 70.05(15) 
C(4)-C(5)-Ir(1) 67.13(14) 
C(10)-C(5)-Ir(1) 130.33(18) 
C(1)-C(6)-H(6A) 109.5 
C(1)-C(6)-H(6B) 109.5 
H(6A)-C(6)-H(6B) 109.5 
C(1)-C(6)-H(6C) 109.5 
H(6A)-C(6)-H(6C) 109.5 
H(6B)-C(6)-H(6C) 109.5 
C(2)-C(7)-H(7A) 109.5 
C(2)-C(7)-H(7B) 109.5 
H(7A)-C(7)-H(7B) 109.5 
C(2)-C(7)-H(7C) 109.5 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
C(3)-C(8)-H(8A) 109.5 
C(3)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
C(3)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
C(4)-C(9)-H(9A) 109.5 
C(4)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
C(4)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(5)-C(10)-H(10A) 109.5 
C(5)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(5)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
O(1)-C(11)-C(12) 117.9(2) 
O(1)-C(11)-C(16) 121.8(2) 
C(12)-C(11)-C(16) 120.3(2) 
C(13)-C(12)-C(11) 121.7(2) 
C(13)-C(12)-N(1) 123.7(2) 
C(11)-C(12)-N(1) 114.5(2) 
C(12)-C(13)-C(14) 119.7(3) 
C(12)-C(13)-H(13) 120.1 
C(14)-C(13)-H(13) 120.1 
C(13)-C(14)-C(15) 117.5(3) 
C(13)-C(14)-C(21) 119.5(3) 
C(15)-C(14)-C(21) 122.9(3) 
C(14)-C(15)-C(16) 124.3(2) 
C(14)-C(15)-H(15) 117.9 
C(16)-C(15)-H(15) 117.9 
C(15)-C(16)-C(11) 116.1(2) 
C(15)-C(16)-C(17) 122.8(3) 
C(11)-C(16)-C(17) 121.2(3) 
C(19)-C(17)-C(16) 110.1(2) 
C(19)-C(17)-C(18) 110.5(3) 
C(16)-C(17)-C(18) 109.5(3) 
C(19)-C(17)-C(20) 107.7(3) 
C(16)-C(17)-C(20) 111.0(3) 
C(18)-C(17)-C(20) 108.0(3) 
C(17)-C(18)-H(18A) 109.5 
C(17)-C(18)-H(18B) 109.5 
H(18A)-C(18)-H(18B) 109.5 
C(17)-C(18)-H(18C) 109.5 
H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5 
C(17)-C(19)-H(19A) 109.5
Table D.14 (cont.) 
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C(17)-C(19)-H(19B) 109.5 
H(19A)-C(19)-H(19B) 109.5 
C(17)-C(19)-H(19C) 109.5 
H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 
C(17)-C(20)-H(20A) 109.5 
C(17)-C(20)-H(20B) 109.5 
H(20A)-C(20)-H(20B) 109.5 
C(17)-C(20)-H(20C) 109.5 
H(20A)-C(20)-H(20C) 109.5 
H(20B)-C(20)-H(20C) 109.5 
C(23)-C(21)-C(24) 109.8(3) 
C(23)-C(21)-C(22) 108.4(3) 
C(24)-C(21)-C(22) 108.4(3) 
C(23)-C(21)-C(14) 108.3(3) 
C(24)-C(21)-C(14) 109.8(3) 
C(22)-C(21)-C(14) 112.1(3) 
C(21)-C(22)-H(22A) 109.5 
C(21)-C(22)-H(22B) 109.5 
H(22A)-C(22)-H(22B) 109.5 
C(21)-C(22)-H(22C) 109.5 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
C(21)-C(23)-H(23A) 109.5 
C(21)-C(23)-H(23B) 109.5 
H(23A)-C(23)-H(23B) 109.5 
C(21)-C(23)-H(23C) 109.5 
H(23A)-C(23)-H(23C) 109.5 
H(23B)-C(23)-H(23C) 109.5 
C(21)-C(24)-H(24A) 109.5 
C(21)-C(24)-H(24B) 109.5 
H(24A)-C(24)-H(24B) 109.5 
C(21)-C(24)-H(24C) 109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
C(27)-C(25)-C(26) 109.0(2) 
C(27)-C(25)-C(28) 111.1(2) 
C(26)-C(25)-C(28) 111.0(2) 
C(27)-C(25)-N(1) 106.8(2) 
C(26)-C(25)-N(1) 110.8(2) 
C(28)-C(25)-N(1) 108.1(2) 
C(25)-C(26)-H(26A) 109.5 
C(25)-C(26)-H(26B) 109.5 
H(26A)-C(26)-H(26B) 109.5 
C(25)-C(26)-H(26C) 109.5 
H(26A)-C(26)-H(26C) 109.5 
H(26B)-C(26)-H(26C) 109.5 
C(25)-C(27)-H(27A) 109.5 
C(25)-C(27)-H(27B) 109.5 
H(27A)-C(27)-H(27B) 109.5 
C(25)-C(27)-H(27C) 109.5 
H(27A)-C(27)-H(27C) 109.5 
H(27B)-C(27)-H(27C) 109.5 
C(25)-C(28)-H(28A) 109.5 
C(25)-C(28)-H(28B) 109.5 
H(28A)-C(28)-H(28B) 109.5 
C(25)-C(28)-H(28C) 109.5 
H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 
F(3)-B(1)-F(4) 111.0(3) 
F(3)-B(1)-F(1) 110.7(3) 
F(4)-B(1)-F(1) 108.5(3) 
F(3)-B(1)-F(2) 110.9(3) 
F(4)-B(1)-F(2) 108.7(3) 
F(1)-B(1)-F(2) 106.9(3) 
Cl(1)-C(29)-Cl(2) 111.1(3) 
Cl(1)-C(29)-H(29A) 109.4 
Cl(2)-C(29)-H(29A) 109.4 
Cl(1)-C(29)-H(29B) 109.4 
Cl(2)-C(29)-H(29B) 109.4 
H(29A)-C(29)-H(29B) 108.0 
Cl(3)-C(30)-Cl(4) 112.4(5) 
Cl(3)-C(30)-H(30A) 109.1 
Cl(4)-C(30)-H(30A) 109.1 
Cl(3)-C(30)-H(30B) 109.1 
Cl(4)-C(30)-H(30B) 109.1 
H(30A)-C(30)-H(30B) 107.9 
Cl(5)-C(31)-Cl(6) 111.2(7) 
Cl(5)-C(31)-H(31A) 109.4 
Cl(6)-C(31)-H(31A) 109.4 
Cl(5)-C(31)-H(31B) 109.4 
Cl(6)-C(31)-H(31B) 109.4 
H(31A)-C(31)-H(31B) 108.0 
Cl(8)-C(32)-Cl(7) 110.5(7) 
Cl(8)-C(32)-H(32A) 109.6 
Cl(7)-C(32)-H(32A) 109.6 
Cl(8)-C(32)-H(32B) 109.6 
Cl(7)-C(32)-H(32B) 109.6 
H(32A)-C(32)-H(32B) 108.1 
Cl(10)-C(33)-Cl(9) 109.9(8) 
Cl(10)-C(33)-H(33A) 109.7 
Cl(9)-C(33)-H(33A) 109.7 
Cl(10)-C(33)-H(33B) 109.7 
Cl(9)-C(33)-H(33B) 109.7 
H(33A)-C(33)-H(33B) 108.2 
____________________________________________
_________________ 
Symmetry transformations used to generate 
equivalent atoms:  
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Table D.15.     Hydrogen bonds for [5.1H]BF4 [Å and °]. 
____________________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
____________________________________________________________________________ 
 N(1)-H(1)...F(2) 0.82(3) 2.13(3) 2.937(3) 170(3) 
____________________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
  
Table D.16.   Crystal data and structure refinement for 5.1H(H). 
Identification code  b34basx 
Empirical formula  C30 H48 Ir N2 O 
Formula weight  644.90 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P n a 21  
Unit cell dimensions a = 18.907(5) Å a= 90°. 
 b = 10.528(3) Å b= 90°. 
 c = 15.440(4) Å g = 90°. 
Volume 3073.3(13) Å3 
Z 4 
Density (calculated) 1.394 Mg/m3 
Absorption coefficient 4.366 mm-1 
F(000) 1308 
Crystal size 0.41 x 0.30 x 0.20 mm3 
Theta range for data collection 2.15 to 28.29°. 
Index ranges -25<=h<=25, -13<=k<=14, -20<=l<=20 
Reflections collected 28603 
Independent reflections 7432 [R(int) = 0.0239] 
Completeness to theta = 28.29° 99.0 %  
Absorption correction Integration 
Max. and min. transmission 0.4712 and 0.2139 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7432 / 78 / 362 
Goodness-of-fit on F2 1.035 
Final R indices [I>2sigma(I)] R1 = 0.0169, wR2 = 0.0374 
R indices (all data) R1 = 0.0247, wR2 = 0.0391 
Absolute structure parameter -0.013(4) 
Extinction coefficient 0.00096(5) 
Largest diff. peak and hole 1.048 and -0.698 e.Å-3 
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Table D.17.   Bond lengths [Å] and angles [°] for 5.1H(H). 
_____________________________________________________ 
Ir(1)-O(1)  2.1240(17) 
Ir(1)-C(5)  2.140(2) 
Ir(1)-C(1)  2.145(3) 
Ir(1)-C(4)  2.145(2) 
Ir(1)-N(1)  2.167(2) 
Ir(1)-C(2)  2.247(3) 
Ir(1)-C(3)  2.248(3) 
Ir(1)-H(2A)  1.49(4) 
N(1)-C(12)  1.474(3) 
N(1)-C(25)  1.539(4) 
N(1)-H(1A)  0.89(3) 
O(1)-C(11)  1.333(3) 
C(1)-C(5)  1.428(5) 
C(1)-C(2)  1.455(4) 
C(1)-C(6)  1.498(4) 
C(2)-C(3)  1.404(4) 
C(2)-C(7)  1.494(4) 
C(3)-C(4)  1.470(5) 
C(3)-C(8)  1.489(4) 
C(4)-C(5)  1.448(4) 
C(4)-C(9)  1.505(4) 
C(5)-C(10)  1.503(5) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-H(7A)  0.9800 
C(7)-H(7B)  0.9800 
C(7)-H(7C)  0.9800 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-C(12)  1.407(3) 
C(11)-C(16)  1.417(3) 
C(12)-C(13)  1.375(4) 
C(13)-C(14)  1.410(4) 
C(14)-C(15)  1.402(3) 
C(14)-C(21)  1.527(3) 
C(15)-C(16)  1.414(4) 
C(15)-H(15)  0.9500 
C(16)-C(17)  1.538(3) 
C(17)-C(20)  1.535(4) 
C(17)-C(19)  1.536(4) 
C(17)-C(18)  1.539(4) 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-H(19A)  0.9800 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9800 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(22)  1.524(4) 
C(21)-C(23)  1.538(4) 
C(21)-C(24)  1.544(4) 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9800 
C(23)-H(23A)  0.9800 
C(23)-H(23B)  0.9800 
C(23)-H(23C)  0.9800 
C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-C(27)  1.513(4) 
C(25)-C(28)  1.520(4) 
C(25)-C(26)  1.527(4) 
C(26)-H(26A)  0.9800 
C(26)-H(26B)  0.9800 
C(26)-H(26C)  0.9800 
C(27)-H(27A)  0.9800 
C(27)-H(27B)  0.9800 
C(27)-H(27C)  0.9800 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
N(2)-C(29)  1.146(8) 
C(29)-C(30)  1.439(8) 
C(30)-H(30A)  0.9800 
C(30)-H(30B)  0.9800 
C(30)-H(30C)  0.9800 
N(3)-C(31)  1.146(11) 
C(31)-C(32)  1.443(11) 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
 
O(1)-Ir(1)-C(5) 134.14(9) 
O(1)-Ir(1)-C(1) 100.52(8) 
C(5)-Ir(1)-C(1) 38.92(14) 
O(1)-Ir(1)-C(4) 162.30(11) 
C(5)-Ir(1)-C(4) 39.51(10) 
C(1)-Ir(1)-C(4) 65.74(11) 
O(1)-Ir(1)-N(1) 76.71(7) 
C(5)-Ir(1)-N(1) 148.92(9) 
C(1)-Ir(1)-N(1) 153.34(10) 
C(4)-Ir(1)-N(1) 110.21(9) 
O(1)-Ir(1)-C(2) 98.05(9) 
C(5)-Ir(1)-C(2) 64.33(16) 
C(1)-Ir(1)-C(2) 38.62(10) 
C(4)-Ir(1)-C(2) 64.25(12) 
N(1)-Ir(1)-C(2) 114.92(10) 
O(1)-Ir(1)-C(3) 125.85(9) 
C(5)-Ir(1)-C(3) 64.37(13) 
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C(1)-Ir(1)-C(3) 63.52(11) 
C(4)-Ir(1)-C(3) 39.02(12) 
N(1)-Ir(1)-C(3) 96.20(9) 
C(2)-Ir(1)-C(3) 36.40(9) 
O(1)-Ir(1)-H(2A) 84.7(13) 
C(5)-Ir(1)-H(2A) 91.3(13) 
C(1)-Ir(1)-H(2A) 110.0(15) 
C(4)-Ir(1)-H(2A) 110.0(13) 
N(1)-Ir(1)-H(2A) 96.3(14) 
C(2)-Ir(1)-H(2A) 148.6(15) 
C(3)-Ir(1)-H(2A) 149.0(13) 
C(12)-N(1)-C(25) 114.12(19) 
C(12)-N(1)-Ir(1) 101.41(15) 
C(25)-N(1)-Ir(1) 121.98(17) 
C(12)-N(1)-H(1A) 108(3) 
C(25)-N(1)-H(1A) 104(3) 
Ir(1)-N(1)-H(1A) 107.1(16) 
C(11)-O(1)-Ir(1) 107.45(14) 
C(5)-C(1)-C(2) 108.3(2) 
C(5)-C(1)-C(6) 126.0(3) 
C(2)-C(1)-C(6) 125.0(3) 
C(5)-C(1)-Ir(1) 70.36(15) 
C(2)-C(1)-Ir(1) 74.47(15) 
C(6)-C(1)-Ir(1) 128.77(19) 
C(3)-C(2)-C(1) 108.0(3) 
C(3)-C(2)-C(7) 126.4(3) 
C(1)-C(2)-C(7) 125.5(3) 
C(3)-C(2)-Ir(1) 71.84(15) 
C(1)-C(2)-Ir(1) 66.91(14) 
C(7)-C(2)-Ir(1) 125.2(2) 
C(2)-C(3)-C(4) 108.8(2) 
C(2)-C(3)-C(8) 125.7(3) 
C(4)-C(3)-C(8) 125.5(3) 
C(2)-C(3)-Ir(1) 71.76(15) 
C(4)-C(3)-Ir(1) 66.72(15) 
C(8)-C(3)-Ir(1) 126.7(2) 
C(5)-C(4)-C(3) 106.5(3) 
C(5)-C(4)-C(9) 127.7(3) 
C(3)-C(4)-C(9) 124.6(3) 
C(5)-C(4)-Ir(1) 70.07(13) 
C(3)-C(4)-Ir(1) 74.26(15) 
C(9)-C(4)-Ir(1) 130.2(2) 
C(1)-C(5)-C(4) 108.1(3) 
C(1)-C(5)-C(10) 126.4(2) 
C(4)-C(5)-C(10) 125.5(3) 
C(1)-C(5)-Ir(1) 70.71(15) 
C(4)-C(5)-Ir(1) 70.42(12) 
C(10)-C(5)-Ir(1) 125.7(3) 
C(1)-C(6)-H(6A) 109.5 
C(1)-C(6)-H(6B) 109.5 
H(6A)-C(6)-H(6B) 109.5 
C(1)-C(6)-H(6C) 109.5 
H(6A)-C(6)-H(6C) 109.5 
H(6B)-C(6)-H(6C) 109.5 
C(2)-C(7)-H(7A) 109.5 
C(2)-C(7)-H(7B) 109.5 
H(7A)-C(7)-H(7B) 109.5 
C(2)-C(7)-H(7C) 109.5 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
C(3)-C(8)-H(8A) 109.5 
C(3)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
C(3)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
C(4)-C(9)-H(9A) 109.5 
C(4)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
C(4)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(5)-C(10)-H(10A) 109.5 
C(5)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(5)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
O(1)-C(11)-C(12) 118.8(2) 
O(1)-C(11)-C(16) 123.3(2) 
C(12)-C(11)-C(16) 117.9(2) 
C(13)-C(12)-C(11) 123.5(2) 
C(13)-C(12)-N(1) 122.5(2) 
C(11)-C(12)-N(1) 113.9(2) 
C(12)-C(13)-C(14) 119.4(2) 
C(15)-C(14)-C(13) 117.0(2) 
C(15)-C(14)-C(21) 122.8(2) 
C(13)-C(14)-C(21) 120.1(2) 
C(14)-C(15)-C(16) 124.2(2) 
C(14)-C(15)-H(15) 117.9 
C(16)-C(15)-H(15) 117.9 
C(15)-C(16)-C(11) 117.0(2) 
C(15)-C(16)-C(17) 121.9(2) 
C(11)-C(16)-C(17) 121.0(2) 
C(20)-C(17)-C(19) 107.2(2) 
C(20)-C(17)-C(16) 112.7(2) 
C(19)-C(17)-C(16) 108.9(2) 
C(20)-C(17)-C(18) 108.2(2) 
C(19)-C(17)-C(18) 110.3(2) 
C(16)-C(17)-C(18) 109.5(2) 
C(17)-C(18)-H(18A) 109.5 
C(17)-C(18)-H(18B) 109.5 
H(18A)-C(18)-H(18B) 109.5 
C(17)-C(18)-H(18C) 109.5 
H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5 
C(17)-C(19)-H(19A) 109.5 
C(17)-C(19)-H(19B) 109.5 
H(19A)-C(19)-H(19B) 109.5 
C(17)-C(19)-H(19C) 109.5 
H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 
C(17)-C(20)-H(20A) 109.5 
C(17)-C(20)-H(20B) 109.5 
H(20A)-C(20)-H(20B) 109.5 
C(17)-C(20)-H(20C) 109.5 
H(20A)-C(20)-H(20C) 109.5 
H(20B)-C(20)-H(20C) 109.5 
C(22)-C(21)-C(14) 113.0(2) 
C(22)-C(21)-C(23) 109.0(3) 
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C(14)-C(21)-C(23) 108.0(2) 
C(22)-C(21)-C(24) 107.2(3) 
C(14)-C(21)-C(24) 110.3(2) 
C(23)-C(21)-C(24) 109.2(3) 
C(21)-C(22)-H(22A) 109.5 
C(21)-C(22)-H(22B) 109.5 
H(22A)-C(22)-H(22B) 109.5 
C(21)-C(22)-H(22C) 109.5 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
C(21)-C(23)-H(23A) 109.5 
C(21)-C(23)-H(23B) 109.5 
H(23A)-C(23)-H(23B) 109.5 
C(21)-C(23)-H(23C) 109.5 
H(23A)-C(23)-H(23C) 109.5 
H(23B)-C(23)-H(23C) 109.5 
C(21)-C(24)-H(24A) 109.5 
C(21)-C(24)-H(24B) 109.5 
H(24A)-C(24)-H(24B) 109.5 
C(21)-C(24)-H(24C) 109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
C(27)-C(25)-C(28) 110.2(2) 
C(27)-C(25)-C(26) 111.2(2) 
C(28)-C(25)-C(26) 109.3(2) 
C(27)-C(25)-N(1) 110.2(2) 
C(28)-C(25)-N(1) 109.5(2) 
C(26)-C(25)-N(1) 106.4(2) 
C(25)-C(26)-H(26A) 109.5 
C(25)-C(26)-H(26B) 109.5 
H(26A)-C(26)-H(26B) 109.5 
C(25)-C(26)-H(26C) 109.5 
H(26A)-C(26)-H(26C) 109.5 
H(26B)-C(26)-H(26C) 109.5 
C(25)-C(27)-H(27A) 109.5 
C(25)-C(27)-H(27B) 109.5 
H(27A)-C(27)-H(27B) 109.5 
C(25)-C(27)-H(27C) 109.5 
H(27A)-C(27)-H(27C) 109.5 
H(27B)-C(27)-H(27C) 109.5 
C(25)-C(28)-H(28A) 109.5 
C(25)-C(28)-H(28B) 109.5 
H(28A)-C(28)-H(28B) 109.5 
C(25)-C(28)-H(28C) 109.5 
H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 
N(2)-C(29)-C(30) 173.6(16) 
N(3)-C(31)-C(32) 167(3) 
C(31)-C(32)-H(32A) 109.5 
C(31)-C(32)-H(32B) 109.5 
H(32A)-C(32)-H(32B) 109.5 
C(31)-C(32)-H(32C) 109.5 
H(32A)-C(32)-H(32C) 109.5 
H(32B)-C(32)-H(32C) 109.5 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
Table D.18.   Hydrogen bonds for 5.1H(H) [Å and °]. 
____________________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
____________________________________________________________________________ 
 N(1)-H(1A)...N(2) 0.89(3) 2.53(3) 3.389(8) 163(4) 
 N(1)-H(1A)...N(3) 0.89(3) 2.74(3) 3.581(17) 158.3(19) 
____________________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
 
Table D.19.    Crystal data and structure refinement for [5.2H(PMe3)]BArF4 . 
Identification code  g01wasq 
Empirical formula  C66 H61 B F27 Ir N O P 
Formula weight  1631.14 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 12.977(3) Å a= 87.603(4)°. 
 b = 15.060(3) Å b= 80.958(4)°. 
 c = 18.425(4) Å g = 83.653(4)°. 
Volume 3533.3(13) Å3 
Z 2 
Density (calculated) 1.533 Mg/m3 
Absorption coefficient 2.024 mm-1 
F(000) 1624 
Crystal size 0.20 x 0.08 x 0.02 mm3 
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Theta range for data collection 1.60 to 25.36°. 
Index ranges -15<=h<=15, -18<=k<=18, -22<=l<=22 
Reflections collected 37010 
Independent reflections 12924 [R(int) = 0.0781] 
Completeness to theta = 25.36° 99.7 %  
Absorption correction Integration 
Max. and min. transmission 0.9605 and 0.6320 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 12924 / 1077 / 980 
Goodness-of-fit on F2 0.964 
Final R indices [I>2sigma(I)] R1 = 0.0551, wR2 = 0.1148 
R indices (all data) R1 = 0.0972, wR2 = 0.1274 
Largest diff. peak and hole 1.525 and -0.516 e.Å-3 
Table D.20.    Bond lengths [Å] and angles [°] for [5.2H(PMe3)]BArF4. 
_____________________________________________________ 
Ir11-N11  2.060(8) 
Ir11-O11  2.079(6) 
Ir11-C11  2.181(11) 
Ir11-C31  2.184(10) 
Ir11-C21  2.207(11) 
Ir11-C51  2.220(11) 
Ir11-C41  2.238(11) 
Ir11-P11  2.307(3) 
N11-C121  1.365(9) 
N11-C251  1.413(11) 
O11-C111  1.340(9) 
O11-H11  0.8400(17) 
P11-C321  1.805(12) 
P11-C341  1.813(13) 
P11-C331  1.820(13) 
C11-C21  1.427(16) 
C11-C51  1.455(17) 
C11-C61  1.476(16) 
C21-C31  1.454(16) 
C21-C71  1.492(17) 
C31-C41  1.434(16) 
C31-C81  1.488(15) 
C41-C51  1.420(15) 
C41-C91  1.495(16) 
C51-C101  1.490(12) 
C61-H6A1  0.9800 
C61-H6B1  0.9800 
C61-H6C1  0.9800 
C71-H7A1  0.9800 
C71-H7B1  0.9800 
C71-H7C1  0.9800 
C81-H8A1  0.9800 
C81-H8B1  0.9800 
C81-H8C1  0.9800 
C91-H9A1  0.9800 
C91-H9B1  0.9800 
C91-H9C1  0.9800 
C101-H10A1  0.9800 
C101-H10B1  0.9800 
C101-H10C1  0.9800 
C111-C121  1.3902 
C111-C161  1.426(11) 
C121-C131  1.3902(12) 
C131-C141  1.363(11) 
C131-H13A1  0.9500 
C141-C151  1.439(14) 
C141-C211  1.544(15) 
C151-C161  1.358(14) 
C151-H15A1  0.9500 
C161-C171  1.529(14) 
C171-C201  1.524(16) 
C171-C181  1.525(17) 
C171-C191  1.530(17) 
C181-H18A1  0.9800 
C181-H18B1  0.9800 
C181-H18C1  0.9800 
C191-H19A1  0.9800 
C191-H19B1  0.9800 
C191-H19C1  0.9800 
C201-H20A1  0.9800 
C201-H20B1  0.9800 
C201-H20C1  0.9800 
C211-C23A1  1.498(16) 
C211-C24A1  1.520(17) 
C211-C22A1  1.532(17) 
C22A1-H22A1  0.9800 
C22A1-H22B1  0.9800 
C22A1-H22C1  0.9800 
C23A1-H23A1  0.9800 
C23A1-H23B1  0.9800 
C23A1-H23C1  0.9800 
C24A1-H24A1  0.9800 
C24A1-H24B1  0.9800 
C24A1-H24C1  0.9800 
C251-C261  1.377(13) 
C251-C301  1.402(13) 
C261-C271  1.386(13) 
C261-H26A1  0.9500 
C271-C281  1.386(14) 
C271-H27A1  0.9500 
C281-C291  1.386(14) 
C281-H28A1  0.9500 
C291-C301  1.388(13) 
C291-H29A1  0.9500 
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C301-C311  1.505(14) 
C311-F11  1.325(12) 
C311-F21  1.339(13) 
C311-F31  1.349(12) 
C321-H32A1  0.9800 
C321-H32B1  0.9800 
C321-H32C1  0.9800 
C331-H33A1  0.9800 
C331-H33B1  0.9800 
C331-H33C1  0.9800 
C341-H34A1  0.9800 
C341-H34B1  0.9800 
C341-H34C1  0.9800 
B12-C4012  1.664(11) 
B12-C2012  1.682(11) 
B12-C3012  1.686(11) 
B12-C1012  1.686(11) 
C1012-C1022  1.3900 
C1012-C1062  1.3900 
C1022-C1032  1.3900 
C1022-H10D2  0.9500 
C1032-C1042  1.3900 
C1032-C1112  1.476(6) 
C1042-C1052  1.3900 
C1042-H10E2  0.9500 
C1052-C1062  1.3900 
C1052-C1212  1.472(12) 
C1052-C1222  1.483(10) 
C1062-H10F2  0.9500 
C1112-F112  1.3145 
C1112-F132  1.3203 
C1112-F122  1.3408 
C1212-F15A2  1.2070 
C1212-F16A2  1.2924 
C1212-F14A2  1.4123 
C1222-F14B2  1.2733 
C1222-F16B2  1.3075 
C1222-F15B2  1.3871 
C2012-C2022  1.3900 
C2012-C2062  1.3900 
C2022-C2032  1.3900 
C2022-H20D2  0.9500 
C2032-C2042  1.3900 
C2032-C2112  1.487(8) 
C2032-C2122  1.508(12) 
C2042-C2052  1.3900 
C2042-H20E2  0.9500 
C2052-C2062  1.3900 
C2052-C2222  1.468(10) 
C2052-C2212  1.481(9) 
C2062-H20F2  0.9500 
C2112-F23A2  1.2555 
C2112-F22A2  1.3095 
C2112-F21A2  1.4749 
C2122-F21B2  1.1811 
C2122-F23B2  1.3131 
C2122-F22B2  1.4842 
C2212-F25A2  1.2563 
C2212-F26A2  1.3051 
C2212-F24A2  1.3102 
C2222-F26B2  1.2260 
C2222-F24B2  1.3094 
C2222-F25B2  1.3931 
C3012-C3022  1.3900 
C3012-C3062  1.3900 
C3022-C3032  1.3900 
C3022-H30A2  0.9500 
C3032-C3042  1.3900 
C3032-C3112  1.484(5) 
C3042-C3052  1.3900 
C3042-H30B2  0.9500 
C3052-C3062  1.3900 
C3052-C3212  1.472(8) 
C3052-C3222  1.483(10) 
C3062-H30C2  0.9500 
C3112-F312  1.3214 
C3112-F322  1.3239 
C3112-F332  1.3435 
C3212-F34A2  1.3137 
C3212-F36A2  1.3373 
C3212-F35A2  1.4061 
C3222-F35B2  1.1516 
C3222-F36B2  1.3426 
C3222-F34B2  1.3605 
C4012-C4022  1.3900 
C4012-C4062  1.3900 
C4022-C4032  1.3900 
C4022-H40A2  0.9500 
C4032-C4042  1.3900 
C4032-C4122  1.470(7) 
C4032-C4112  1.496(12) 
C4042-C4052  1.3900 
C4042-H40B2  0.9500 
C4052-C4062  1.3900 
C4052-C4212  1.487(13) 
C4052-C4222  1.506(10) 
C4062-H40C2  0.9500 
C4112-F41A2  1.2474 
C4112-F43A2  1.2510 
C4112-F42A2  1.2957 
C4122-F41B2  1.2515 
C4122-F43B2  1.3051 
C4122-F42B2  1.4442 
C4212-F46A2  1.2466 
C4212-F45A2  1.3641 
C4212-F44A2  1.3651 
C4222-F45B2  1.1413 
C4222-F44B2  1.3647 
C4222-F46B2  1.4109 
 
N11-Ir11-O11 76.9(3) 
N11-Ir11-C11 149.7(4) 
O11-Ir11-C11 95.0(4) 
N11-Ir11-C31 116.5(4) 
O11-Ir11-C31 158.4(4) 
C11-Ir11-C31 64.7(4) 
N11-Ir11-C21 155.1(4) 
O11-Ir11-C21 127.1(4) 
C11-Ir11-C21 37.9(4) 
C31-Ir11-C21 38.7(4) 
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N11-Ir11-C51 112.3(4) 
O11-Ir11-C51 95.4(3) 
C11-Ir11-C51 38.6(4) 
C31-Ir11-C51 64.2(4) 
C21-Ir11-C51 63.7(5) 
N11-Ir11-C41 98.7(4) 
O11-Ir11-C41 127.5(4) 
C11-Ir11-C41 62.9(4) 
C31-Ir11-C41 37.8(4) 
C21-Ir11-C41 62.6(4) 
C51-Ir11-C41 37.2(4) 
N11-Ir11-P11 91.1(2) 
O11-Ir11-P11 85.8(2) 
C11-Ir11-P11 117.7(4) 
C31-Ir11-P11 109.7(3) 
C21-Ir11-P11 96.8(3) 
C51-Ir11-P11 156.3(3) 
C41-Ir11-P11 146.6(3) 
C121-N11-C251 120.3(7) 
C121-N11-Ir11 115.3(5) 
C251-N11-Ir11 124.4(6) 
C111-O11-Ir11 115.3(4) 
C111-O11-H11 100(3) 
Ir11-O11-H11 114(3) 
C321-P11-C341 104.1(7) 
C321-P11-C331 102.4(7) 
C341-P11-C331 102.5(7) 
C321-P11-Ir11 112.2(5) 
C341-P11-Ir11 118.0(5) 
C331-P11-Ir11 115.8(4) 
C21-C11-C51 108.3(10) 
C21-C11-C61 126.8(13) 
C51-C11-C61 124.9(12) 
C21-C11-Ir11 72.0(6) 
C51-C11-Ir11 72.1(6) 
C61-C11-Ir11 123.4(8) 
C11-C21-C31 108.3(11) 
C11-C21-C71 126.7(12) 
C31-C21-C71 124.6(11) 
C11-C21-Ir11 70.1(6) 
C31-C21-Ir11 69.8(6) 
C71-C21-Ir11 131.5(10) 
C41-C31-C21 106.2(10) 
C41-C31-C81 126.1(11) 
C21-C31-C81 126.5(11) 
C41-C31-Ir11 73.1(6) 
C21-C31-Ir11 71.5(6) 
C81-C31-Ir11 130.1(8) 
C51-C41-C31 110.3(11) 
C51-C41-C91 125.4(12) 
C31-C41-C91 124.3(11) 
C51-C41-Ir11 70.7(6) 
C31-C41-Ir11 69.1(6) 
C91-C41-Ir11 130.0(8) 
C41-C51-C11 106.6(10) 
C41-C51-C101 128.8(12) 
C11-C51-C101 124.5(11) 
C41-C51-Ir11 72.1(6) 
C11-C51-Ir11 69.3(6) 
C101-C51-Ir11 125.2(6) 
C11-C61-H6A1 109.5 
C11-C61-H6B1 109.5 
H6A1-C61-H6B1 109.5 
C11-C61-H6C1 109.5 
H6A1-C61-H6C1 109.5 
H6B1-C61-H6C1 109.5 
C21-C71-H7A1 109.5 
C21-C71-H7B1 109.5 
H7A1-C71-H7B1 109.5 
C21-C71-H7C1 109.5 
H7A1-C71-H7C1 109.5 
H7B1-C71-H7C1 109.5 
C31-C81-H8A1 109.5 
C31-C81-H8B1 109.5 
H8A1-C81-H8B1 109.5 
C31-C81-H8C1 109.5 
H8A1-C81-H8C1 109.5 
H8B1-C81-H8C1 109.5 
C41-C91-H9A1 109.5 
C41-C91-H9B1 109.5 
H9A1-C91-H9B1 109.5 
C41-C91-H9C1 109.5 
H9A1-C91-H9C1 109.5 
H9B1-C91-H9C1 109.5 
C51-C101-H10A1 109.5 
C51-C101-H10B1 109.5 
H10A1-C101-H10B1 109.5 
C51-C101-H10C1 109.5 
H10A1-C101-H10C1 109.5 
H10B1-C101-H10C1 109.5 
O11-C111-C121 116.4(4) 
O11-C111-C161 121.7(6) 
C121-C111-C161 121.7(5) 
N11-C121-C131 124.8(4) 
N11-C121-C111 115.0(4) 
C131-C121-C111 120.03(14) 
C141-C131-C121 121.6(5) 
C141-C131-H13A1 119.2 
C121-C131-H13A1 119.2 
C131-C141-C151 115.9(9) 
C131-C141-C211 123.8(9) 
C151-C141-C211 120.1(9) 
C161-C151-C141 126.0(10) 
C161-C151-H15A1 117.0 
C141-C151-H15A1 117.0 
C151-C161-C111 114.6(9) 
C151-C161-C171 123.5(10) 
C111-C161-C171 121.8(9) 
C201-C171-C181 108.2(10) 
C201-C171-C161 111.4(10) 
C181-C171-C161 110.9(10) 
C201-C171-C191 106.9(11) 
C181-C171-C191 110.5(11) 
C161-C171-C191 108.8(10) 
C171-C181-H18A1 109.5 
C171-C181-H18B1 109.5 
H18A1-C181-H18B1 109.5 
C171-C181-H18C1 109.5 
H18A1-C181-H18C1 109.5 
H18B1-C181-H18C1 109.5 
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C171-C191-H19A1 109.5 
C171-C191-H19B1 109.5 
H19A1-C191-H19B1 109.5 
C171-C191-H19C1 109.5 
H19A1-C191-H19C1 109.5 
H19B1-C191-H19C1 109.5 
C171-C201-H20A1 109.5 
C171-C201-H20B1 109.5 
H20A1-C201-H20B1 109.5 
C171-C201-H20C1 109.5 
H20A1-C201-H20C1 109.5 
H20B1-C201-H20C1 109.5 
C23A1-C211-C24A1 108.4(11) 
C23A1-C211-C22A1 111.2(12) 
C24A1-C211-C22A1 107.6(11) 
C23A1-C211-C141 111.2(9) 
C24A1-C211-C141 110.7(10) 
C22A1-C211-C141 107.7(10) 
C211-C22A1-H22A1 109.5 
C211-C22A1-H22B1 109.5 
H22A1-C22A1-H22B1 109.5 
C211-C22A1-H22C1 109.5 
H22A1-C22A1-H22C1 109.5 
H22B1-C22A1-H22C1 109.5 
C211-C23A1-H23A1 109.5 
C211-C23A1-H23B1 109.5 
H23A1-C23A1-H23B1 109.5 
C211-C23A1-H23C1 109.5 
H23A1-C23A1-H23C1 109.5 
H23B1-C23A1-H23C1 109.5 
C211-C24A1-H24A1 109.5 
C211-C24A1-H24B1 109.5 
H24A1-C24A1-H24B1 109.5 
C211-C24A1-H24C1 109.5 
H24A1-C24A1-H24C1 109.5 
H24B1-C24A1-H24C1 109.5 
C261-C251-C301 118.9(9) 
C261-C251-N11 118.5(9) 
C301-C251-N11 122.6(8) 
C251-C261-C271 121.7(9) 
C251-C261-H26A1 119.1 
C271-C261-H26A1 119.1 
C281-C271-C261 119.8(10) 
C281-C271-H27A1 120.1 
C261-C271-H27A1 120.1 
C271-C281-C291 118.6(10) 
C271-C281-H28A1 120.7 
C291-C281-H28A1 120.7 
C281-C291-C301 121.9(10) 
C281-C291-H29A1 119.0 
C301-C291-H29A1 119.0 
C291-C301-C251 118.9(9) 
C291-C301-C311 115.5(9) 
C251-C301-C311 125.3(9) 
F11-C311-F21 107.0(9) 
F11-C311-F31 105.7(9) 
F21-C311-F31 104.7(9) 
F11-C311-C301 114.9(9) 
F21-C311-C301 112.7(9) 
F31-C311-C301 111.2(9) 
P11-C321-H32A1 109.5 
P11-C321-H32B1 109.5 
H32A1-C321-H32B1 109.5 
P11-C321-H32C1 109.5 
H32A1-C321-H32C1 109.5 
H32B1-C321-H32C1 109.5 
P11-C331-H33A1 109.5 
P11-C331-H33B1 109.5 
H33A1-C331-H33B1 109.5 
P11-C331-H33C1 109.5 
H33A1-C331-H33C1 109.5 
H33B1-C331-H33C1 109.5 
P11-C341-H34A1 109.5 
P11-C341-H34B1 109.5 
H34A1-C341-H34B1 109.5 
P11-C341-H34C1 109.5 
H34A1-C341-H34C1 109.5 
H34B1-C341-H34C1 109.5 
C4012-B12-C2012 111.7(7) 
C4012-B12-C3012 103.5(6) 
C2012-B12-C3012 114.4(7) 
C4012-B12-C1012 112.2(7) 
C2012-B12-C1012 102.5(6) 
C3012-B12-C1012 112.9(7) 
C1022-C1012-C1062 120.0 
C1022-C1012-B12 121.0(5) 
C1062-C1012-B12 118.7(5) 
C1032-C1022-C1012 120.0 
C1032-C1022-H10D2 120.0 
C1012-C1022-H10D2 120.0 
C1022-C1032-C1042 120.0 
C1022-C1032-C1112 118.2(5) 
C1042-C1032-C1112 121.8(5) 
C1052-C1042-C1032 120.0 
C1052-C1042-H10E2 120.0 
C1032-C1042-H10E2 120.0 
C1042-C1052-C1062 120.0 
C1042-C1052-C1212 120.4(9) 
C1062-C1052-C1212 119.3(9) 
C1042-C1052-C1222 122.3(7) 
C1062-C1052-C1222 117.7(7) 
C1212-C1052-C1222 4.4(12) 
C1052-C1062-C1012 120.0 
C1052-C1062-H10F2 120.0 
C1012-C1062-H10F2 120.0 
F112-C1112-F132 106.5 
F112-C1112-F122 104.4 
F132-C1112-F122 104.7 
F112-C1112-C1032 112.9(5) 
F132-C1112-C1032 114.8(5) 
F122-C1112-C1032 112.7(5) 
F15A2-C1212-F16A2 118.3 
F15A2-C1212-F14A2 108.2 
F16A2-C1212-F14A2 85.6 
F15A2-C1212-C1052 112(2) 
F16A2-C1212-C1052 118(2) 
F14A2-C1212-C1052 111.9(15) 
F14B2-C1222-F16B2 123.4 
F14B2-C1222-F15B2 99.2 
F16B2-C1222-F15B2 91.1 
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F14B2-C1222-C1052 114.9(11) 
F16B2-C1222-C1052 111.1(14) 
F15B2-C1222-C1052 113.3(14) 
C2022-C2012-C2062 120.0 
C2022-C2012-B12 121.4(5) 
C2062-C2012-B12 118.0(5) 
C2012-C2022-C2032 120.0 
C2012-C2022-H20D2 120.0 
C2032-C2022-H20D2 120.0 
C2042-C2032-C2022 120.0 
C2042-C2032-C2112 115.0(6) 
C2022-C2032-C2112 124.8(6) 
C2042-C2032-C2122 122.4(10) 
C2022-C2032-C2122 117.6(10) 
C2112-C2032-C2122 8.7(13) 
C2032-C2042-C2052 120.0 
C2032-C2042-H20E2 120.0 
C2052-C2042-H20E2 120.0 
C2062-C2052-C2042 120.0 
C2062-C2052-C2222 118.2(8) 
C2042-C2052-C2222 121.5(8) 
C2062-C2052-C2212 119.3(6) 
C2042-C2052-C2212 120.6(6) 
C2222-C2052-C2212 3.1(9) 
C2052-C2062-C2012 120.0 
C2052-C2062-H20F2 120.0 
C2012-C2062-H20F2 120.0 
F23A2-C2112-F22A2 112.8 
F23A2-C2112-F21A2 103.5 
F22A2-C2112-F21A2 97.3 
F23A2-C2112-C2032 117.3(9) 
F22A2-C2112-C2032 115.5(10) 
F21A2-C2112-C2032 107.4(8) 
F21B2-C2122-F23B2 118.6 
F21B2-C2122-F22B2 99.3 
F23B2-C2122-F22B2 101.4 
F21B2-C2122-C2032 118.0(18) 
F23B2-C2122-C2032 112(2) 
F22B2-C2122-C2032 102.9(15) 
F25A2-C2212-F26A2 110.1 
F25A2-C2212-F24A2 107.1 
F26A2-C2212-F24A2 98.5 
F25A2-C2212-C2052 114.0(11) 
F26A2-C2212-C2052 115.0(11) 
F24A2-C2212-C2052 110.8(12) 
F26B2-C2222-F24B2 101.7 
F26B2-C2222-F25B2 103.2 
F24B2-C2222-F25B2 108.5 
F26B2-C2222-C2052 116.6(17) 
F24B2-C2222-C2052 114.4(12) 
F25B2-C2222-C2052 111.4(12) 
C3022-C3012-C3062 120.0 
C3022-C3012-B12 117.5(5) 
C3062-C3012-B12 122.3(5) 
C3012-C3022-C3032 120.0 
C3012-C3022-H30A2 120.0 
C3032-C3022-H30A2 120.0 
C3042-C3032-C3022 120.0 
C3042-C3032-C3112 121.0(4) 
C3022-C3032-C3112 119.0(4) 
C3052-C3042-C3032 120.0 
C3052-C3042-H30B2 120.0 
C3032-C3042-H30B2 120.0 
C3042-C3052-C3062 120.0 
C3042-C3052-C3212 117.1(6) 
C3062-C3052-C3212 122.8(6) 
C3042-C3052-C3222 122.3(7) 
C3062-C3052-C3222 117.7(7) 
C3212-C3052-C3222 5.9(8) 
C3052-C3062-C3012 120.0 
C3052-C3062-H30C2 120.0 
C3012-C3062-H30C2 120.0 
F312-C3112-F322 106.4 
F312-C3112-F332 105.5 
F322-C3112-F332 107.3 
F312-C3112-C3032 112.0(4) 
F322-C3112-C3032 113.4(4) 
F332-C3112-C3032 111.8(4) 
F34A2-C3212-F36A2 105.2 
F34A2-C3212-F35A2 108.1 
F36A2-C3212-F35A2 103.1 
F34A2-C3212-C3052 113.5(9) 
F36A2-C3212-C3052 115.0(10) 
F35A2-C3212-C3052 111.2(10) 
F35B2-C3222-F36B2 110.8 
F35B2-C3222-F34B2 104.4 
F36B2-C3222-F34B2 102.7 
F35B2-C3222-C3052 116.9(15) 
F36B2-C3222-C3052 111.4(14) 
F34B2-C3222-C3052 109.5(14) 
C4022-C4012-C4062 120.0 
C4022-C4012-B12 121.4(5) 
C4062-C4012-B12 118.3(5) 
C4032-C4022-C4012 120.0 
C4032-C4022-H40A2 120.0 
C4012-C4022-H40A2 120.0 
C4022-C4032-C4042 120.0 
C4022-C4032-C4122 122.5(6) 
C4042-C4032-C4122 117.4(6) 
C4022-C4032-C4112 118.3(9) 
C4042-C4032-C4112 121.7(9) 
C4122-C4032-C4112 4.4(10) 
C4032-C4042-C4052 120.0 
C4032-C4042-H40B2 120.0 
C4052-C4042-H40B2 120.0 
C4042-C4052-C4062 120.0 
C4042-C4052-C4212 124.4(10) 
C4062-C4052-C4212 115.4(10) 
C4042-C4052-C4222 115.9(6) 
C4062-C4052-C4222 124.1(6) 
C4212-C4052-C4222 9.0(11) 
C4052-C4062-C4012 120.0 
C4052-C4062-H40C2 120.0 
C4012-C4062-H40C2 120.0 
F41A2-C4112-F43A2 110.1 
F41A2-C4112-F42A2 96.4 
F43A2-C4112-F42A2 117.2 
F41A2-C4112-C4032 114(2) 
F43A2-C4112-C4032 110.2(17) 
F42A2-C4112-C4032 108.2(19) 
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F41B2-C4122-F43B2 113.3 
F41B2-C4122-F42B2 96.9 
F43B2-C4122-F42B2 101.5 
F41B2-C4122-C4032 115.8(8) 
F43B2-C4122-C4032 117.5(7) 
F42B2-C4122-C4032 108.4(10) 
F46A2-C4212-F45A2 97.8 
F46A2-C4212-F44A2 119.8 
F45A2-C4212-F44A2 92.7 
F46A2-C4212-C4052 118.0(17) 
F45A2-C4212-C4052 110(2) 
F44A2-C4212-C4052 113(2) 
F45B2-C4222-F44B2 113.8 
F45B2-C4222-F46B2 110.7 
F44B2-C4222-F46B2 92.2 
F45B2-C4222-C4052 120.0(10) 
F44B2-C4222-C4052 109.7(9) 
F46B2-C4222-C4052 106.6(9) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
  
Table D.21.   Crystal data and structure refinement for 6.1. 
Identification code  fa52jas 
Empirical formula  C42 H32 Cl4 Fe O5 P2  
Formula weight  876.27 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pbca  
Unit cell dimensions a = 17.3751(11) Å ! = 90°. 
 b = 19.2388(13) Å " = 90°. 
 c = 23.6101(15) Å # = 90°. 
Volume 7892.3(9) Å3 
Z 8 
Density (calculated) 1.475 Mg/m3 
Absorption coefficient 0.779 mm-1 
F(000) 3584 
Crystal size 0.365 x 0.228 x 0.18 mm3 
Theta range for data collection 1.73 to 25.37°. 
Index ranges -20 ! h ! 15, -21 ! k ! 23, -28 ! l ! 28 
Reflections collected 50391 
Independent reflections 7231 [R(int) = 0.1192] 
Completeness to theta = 25.37° 99.8 %  
Absorption correction Integration 
Max. and min. transmission 0.9163 and 0.8522 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7231 / 132 / 543 
Goodness-of-fit on F2 1.011 
Final R indices [I>2$(I)] R1 = 0.0462, wR2 = 0.0887 
R indices (all data) R1 = 0.0959, wR2 = 0.1068 
Largest diff. peak and hole 0.434 and -0.325 e.Å-3 
  
Table D.22.   Bond lengths [Å] and angles [°] for 6.1. 
_____________________________________________________ 
Fe(1)-C(2)  1.741(4) 
Fe(1)-C(1)  1.850(4) 
Fe(1)-O(4)  2.004(2) 
Fe(1)-C(3)  2.010(4) 
Fe(1)-P(2)  2.2565(10) 
Fe(1)-P(1)  2.2589(10) 
P(1)-C(9)  1.802(4) 
P(1)-C(16)  1.814(3) 
P(1)-C(10)  1.821(3) 
P(2)-C(28)  1.820(4) 
P(2)-C(35)  1.824(3) 
P(2)-C(29)  1.827(3) 
O(1)-C(1)  1.137(4) 
O(2)-C(2)  1.147(4) 
O(3)-C(3)  1.221(4) 
O(4)-C(22)  1.289(4) 
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O(5)-C(22)  1.228(4) 
C(3)-C(4)  1.519(5) 
C(4)-C(5)  1.388(5) 
C(4)-C(9)  1.396(5) 
C(5)-C(6)  1.376(5) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.383(6) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.385(5) 
C(7)-H(7)  0.9500 
C(8)-C(9)  1.386(5) 
C(8)-H(8)  0.9500 
C(10)-C(15)  1.388(5) 
C(10)-C(11)  1.399(5) 
C(11)-C(12)  1.390(5) 
C(11)-H(11)  0.9500 
C(12)-C(13)  1.365(6) 
C(12)-H(12)  0.9500 
C(13)-C(14)  1.369(6) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.382(5) 
C(14)-H(14)  0.9500 
C(15)-H(15)  0.9500 
C(16)-C(17)  1.385(5) 
C(16)-C(21)  1.387(4) 
C(17)-C(18)  1.378(5) 
C(17)-H(17)  0.9500 
C(18)-C(19)  1.368(5) 
C(18)-H(18)  0.9500 
C(19)-C(20)  1.365(5) 
C(19)-H(19)  0.9500 
C(20)-C(21)  1.380(5) 
C(20)-H(20)  0.9500 
C(21)-H(21)  0.9500 
C(22)-C(23)  1.519(5) 
C(23)-C(24)  1.393(5) 
C(23)-C(28)  1.399(5) 
C(24)-C(25)  1.381(5) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.372(5) 
C(25)-H(25)  0.9500 
C(26)-C(27)  1.380(5) 
C(26)-H(26)  0.9500 
C(27)-C(28)  1.400(5) 
C(27)-H(27)  0.9500 
C(29)-C(34)  1.388(5) 
C(29)-C(30)  1.390(5) 
C(30)-C(31)  1.383(5) 
C(30)-H(30)  0.9500 
C(31)-C(32)  1.369(5) 
C(31)-H(31)  0.9500 
C(32)-C(33)  1.388(5) 
C(32)-H(32)  0.9500 
C(33)-C(34)  1.382(5) 
C(33)-H(33)  0.9500 
C(34)-H(34)  0.9500 
C(35)-C(36)  1.390(5) 
C(35)-C(40)  1.390(5) 
C(36)-C(37)  1.375(5) 
C(36)-H(36)  0.9500 
C(37)-C(38)  1.375(5) 
C(37)-H(37)  0.9500 
C(38)-C(39)  1.366(5) 
C(38)-H(38)  0.9500 
C(39)-C(40)  1.385(5) 
C(39)-H(39)  0.9500 
C(40)-H(40)  0.9500 
C(41A)-Cl(2A)  1.753(4) 
C(41A)-Cl(1A)  1.771(5) 
C(41A)-H(41A)  0.9900 
C(41A)-H(41B)  0.9900 
C(41B)-Cl(2B)  1.759(10) 
C(41B)-Cl(1B)  1.760(10) 
C(41B)-H(41C)  0.9900 
C(41B)-H(41D)  0.9900 
C(42A)-Cl(4A)  1.756(9) 
C(42A)-Cl(3A)  1.763(9) 
C(42A)-H(42A)  0.9900 
C(42A)-H(42B)  0.9900 
C(42B)-Cl(4B)  1.757(8) 
C(42B)-Cl(3B)  1.764(8) 
C(42B)-H(42C)  0.9900 
C(42B)-H(42D)  0.9900 
 
C(2)-Fe(1)-C(1) 94.09(16) 
C(2)-Fe(1)-O(4) 175.56(13) 
C(1)-Fe(1)-O(4) 90.01(13) 
C(2)-Fe(1)-C(3) 86.76(15) 
C(1)-Fe(1)-C(3) 172.72(15) 
O(4)-Fe(1)-C(3) 89.40(12) 
C(2)-Fe(1)-P(2) 97.62(11) 
C(1)-Fe(1)-P(2) 96.16(11) 
O(4)-Fe(1)-P(2) 80.20(7) 
C(3)-Fe(1)-P(2) 90.88(10) 
C(2)-Fe(1)-P(1) 93.88(11) 
C(1)-Fe(1)-P(1) 91.76(11) 
O(4)-Fe(1)-P(1) 87.71(7) 
C(3)-Fe(1)-P(1) O 
P(2)-Fe(1)-P(1) 165.51(4) 
C(9)-P(1)-C(16) 105.85(17) 
C(9)-P(1)-C(10) 106.79(16) 
C(16)-P(1)-C(10) 104.24(15) 
C(9)-P(1)-Fe(1) 100.01(12) 
C(16)-P(1)-Fe(1) 121.07(12) 
C(10)-P(1)-Fe(1) 117.45(12) 
C(28)-P(2)-C(35) 104.15(16) 
C(28)-P(2)-C(29) 105.50(16) 
C(35)-P(2)-C(29) 104.18(16) 
C(28)-P(2)-Fe(1) 106.57(12) 
C(35)-P(2)-Fe(1) 123.23(11) 
C(29)-P(2)-Fe(1) 111.77(11) 
C(22)-O(4)-Fe(1) 135.4(2) 
O(1)-C(1)-Fe(1) 175.2(3) 
O(2)-C(2)-Fe(1) 178.0(3) 
O(3)-C(3)-C(4) 118.0(3) 
O(3)-C(3)-Fe(1) 128.1(3) 
C(4)-C(3)-Fe(1) 113.9(2) 
C(5)-C(4)-C(9) 120.0(4) 
C(5)-C(4)-C(3) 123.7(3) 
C(9)-C(4)-C(3) 116.3(3) 
Table D.22 (cont.) 
 
  !212 
C(6)-C(5)-C(4) 119.3(4) 
C(6)-C(5)-H(5) 120.3 
C(4)-C(5)-H(5) 120.3 
C(5)-C(6)-C(7) 120.7(4) 
C(5)-C(6)-H(6) 119.6 
C(7)-C(6)-H(6) 119.6 
C(6)-C(7)-C(8) 120.6(4) 
C(6)-C(7)-H(7) 119.7 
C(8)-C(7)-H(7) 119.7 
C(7)-C(8)-C(9) 118.9(4) 
C(7)-C(8)-H(8) 120.5 
C(9)-C(8)-H(8) 120.5 
C(8)-C(9)-C(4) 120.4(4) 
C(8)-C(9)-P(1) 127.0(3) 
C(4)-C(9)-P(1) 112.6(3) 
C(15)-C(10)-C(11) 119.4(3) 
C(15)-C(10)-P(1) 119.1(3) 
C(11)-C(10)-P(1) 121.5(3) 
C(12)-C(11)-C(10) 118.9(4) 
C(12)-C(11)-H(11) 120.5 
C(10)-C(11)-H(11) 120.5 
C(13)-C(12)-C(11) 120.9(4) 
C(13)-C(12)-H(12) 119.6 
C(11)-C(12)-H(12) 119.6 
C(12)-C(13)-C(14) 120.5(4) 
C(12)-C(13)-H(13) 119.7 
C(14)-C(13)-H(13) 119.7 
C(13)-C(14)-C(15) 119.9(4) 
C(13)-C(14)-H(14) 120.0 
C(15)-C(14)-H(14) 120.0 
C(14)-C(15)-C(10) 120.4(4) 
C(14)-C(15)-H(15) 119.8 
C(10)-C(15)-H(15) 119.8 
C(17)-C(16)-C(21) 118.7(3) 
C(17)-C(16)-P(1) 121.4(3) 
C(21)-C(16)-P(1) 119.8(3) 
C(18)-C(17)-C(16) 120.8(3) 
C(18)-C(17)-H(17) 119.6 
C(16)-C(17)-H(17) 119.6 
C(19)-C(18)-C(17) 119.9(4) 
C(19)-C(18)-H(18) 120.0 
C(17)-C(18)-H(18) 120.0 
C(20)-C(19)-C(18) 119.9(3) 
C(20)-C(19)-H(19) 120.1 
C(18)-C(19)-H(19) 120.1 
C(19)-C(20)-C(21) 121.1(4) 
C(19)-C(20)-H(20) 119.5 
C(21)-C(20)-H(20) 119.5 
C(20)-C(21)-C(16) 119.6(4) 
C(20)-C(21)-H(21) 120.2 
C(16)-C(21)-H(21) 120.2 
O(5)-C(22)-O(4) 122.6(3) 
O(5)-C(22)-C(23) 117.4(3) 
O(4)-C(22)-C(23) 120.0(3) 
C(24)-C(23)-C(28) 119.7(3) 
C(24)-C(23)-C(22) 118.0(3) 
C(28)-C(23)-C(22) 122.3(3) 
C(25)-C(24)-C(23) 120.0(4) 
C(25)-C(24)-H(24) 120.0 
C(23)-C(24)-H(24) 120.0 
C(26)-C(25)-C(24) 120.8(4) 
C(26)-C(25)-H(25) 119.6 
C(24)-C(25)-H(25) 119.6 
C(25)-C(26)-C(27) 119.9(4) 
C(25)-C(26)-H(26) 120.0 
C(27)-C(26)-H(26) 120.0 
C(26)-C(27)-C(28) 120.6(4) 
C(26)-C(27)-H(27) 119.7 
C(28)-C(27)-H(27) 119.7 
C(23)-C(28)-C(27) 119.0(3) 
C(23)-C(28)-P(2) 119.3(3) 
C(27)-C(28)-P(2) 121.5(3) 
C(34)-C(29)-C(30) 118.8(3) 
C(34)-C(29)-P(2) 117.9(3) 
C(30)-C(29)-P(2) 123.1(3) 
C(31)-C(30)-C(29) 120.0(4) 
C(31)-C(30)-H(30) 120.0 
C(29)-C(30)-H(30) 120.0 
C(32)-C(31)-C(30) 120.8(4) 
C(32)-C(31)-H(31) 119.6 
C(30)-C(31)-H(31) 119.6 
C(31)-C(32)-C(33) 119.9(4) 
C(31)-C(32)-H(32) 120.0 
C(33)-C(32)-H(32) 120.0 
C(34)-C(33)-C(32) 119.5(4) 
C(34)-C(33)-H(33) 120.2 
C(32)-C(33)-H(33) 120.2 
C(33)-C(34)-C(29) 120.9(4) 
C(33)-C(34)-H(34) 119.5 
C(29)-C(34)-H(34) 119.5 
C(36)-C(35)-C(40) 118.4(3) 
C(36)-C(35)-P(2) 119.8(3) 
C(40)-C(35)-P(2) 121.7(3) 
C(37)-C(36)-C(35) 120.4(4) 
C(37)-C(36)-H(36) 119.8 
C(35)-C(36)-H(36) 119.8 
C(36)-C(37)-C(38) 120.8(4) 
C(36)-C(37)-H(37) 119.6 
C(38)-C(37)-H(37) 119.6 
C(39)-C(38)-C(37) 119.6(4) 
C(39)-C(38)-H(38) 120.2 
C(37)-C(38)-H(38) 120.2 
C(38)-C(39)-C(40) 120.4(4) 
C(38)-C(39)-H(39) 119.8 
C(40)-C(39)-H(39) 119.8 
C(39)-C(40)-C(35) 120.5(3) 
C(39)-C(40)-H(40) 119.8 
C(35)-C(40)-H(40) 119.8 
Cl(2A)-C(41A)-Cl(1A) 110.8(3) 
Cl(2A)-C(41A)-H(41A) 109.5 
Cl(1A)-C(41A)-H(41A) 109.5 
Cl(2A)-C(41A)-H(41B) 109.5 
Cl(1A)-C(41A)-H(41B) 109.5 
H(41A)-C(41A)-H(41B) 108.1 
Cl(2B)-C(41B)-Cl(1B) 106.9(12) 
Cl(2B)-C(41B)-H(41C) 110.3 
Cl(1B)-C(41B)-H(41C) 110.3 
Cl(2B)-C(41B)-H(41D) 110.3 
Cl(1B)-C(41B)-H(41D) 110.3 
H(41C)-C(41B)-H(41D) 108.6 
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Cl(4A)-C(42A)-Cl(3A) 111.3(10) 
Cl(4A)-C(42A)-H(42A) 109.4 
Cl(3A)-C(42A)-H(42A) 109.4 
Cl(4A)-C(42A)-H(42B) 109.4 
Cl(3A)-C(42A)-H(42B) 109.4 
H(42A)-C(42A)-H(42B) 108.0 
Cl(4B)-C(42B)-Cl(3B) 110.2(9) 
Cl(4B)-C(42B)-H(42C) 109.6 
Cl(3B)-C(42B)-H(42C) 109.6 
Cl(4B)-C(42B)-H(42D) 109.6 
Cl(3B)-C(42B)-H(42D) 109.6 
H(42C)-C(42B)-H(42D) 108.1 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:   
 
Table D.23.   Crystal data and structure refinement for 6.2. 
Identification code  ba47ias 
Empirical formula  C40 H32 Cl4 Ni O3 P2 
Formula weight  823.11 
Temperature  193(2) K 
Wavelength  0.71073 ! 
Crystal system  Triclinic 
Space group  P-1    
Unit cell dimensions a = 9.2924(7) ! a= 88.217(5)". 
 b = 12.4785(10) ! b= 75.154(4)". 
 c = 17.5116(14) ! g = 70.221(4)". 
Volume 1843.5(3) !3 
Z 2 
Density (calculated) 1.483 Mg/m3 
Absorption coefficient 0.942 mm-1 
F(000) 844 
Crystal size 0.459 x 0.445 x 0.344 mm3 
Theta range for data collection 1.74 to 25.43". 
Index ranges -11<=h<=11, -15<=k<=15, -21<=l<=21 
Reflections collected 36549 
Independent reflections 6776 [R(int) = 0.0425] 
Completeness to theta = 25.43" 99.5 %  
Absorption correction Integration 
Max. and min. transmission 0.8423 and 0.7706 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6776 / 42 / 479 
Goodness-of-fit on F2 0.987 
Final R indices [I>2sigma(I)] R1 = 0.0331, wR2 = 0.0795 
R indices (all data) R1 = 0.0441, wR2 = 0.0850 
Largest diff. peak and hole 0.489 and -0.470 e.!-3 
 
Table D.24.   Bond lengths [!] and angles ["] for 6.2 
_____________________________________________________ 
Ni(1)-C(20)  1.894(2) 
Ni(1)-O(1)  1.9151(16) 
Ni(1)-P(2)  2.1786(6) 
Ni(1)-P(1)  2.1914(6) 
P(1)-C(14)  1.815(2) 
P(1)-C(8)  1.829(2) 
P(1)-C(3)  1.832(2) 
P(2)-C(22)  1.808(2) 
P(2)-C(33)  1.812(2) 
P(2)-C(27)  1.816(2) 
O(1)-C(1)  1.284(3) 
O(2)-C(1)  1.227(3) 
O(3)-C(20)  1.217(3) 
Cl(1)-C(39)  1.758(3) 
Cl(2)-C(39)  1.747(3) 
C(1)-C(2)  1.518(3) 
C(2)-C(7)  1.395(3) 
C(2)-C(3)  1.400(3) 
C(3)-C(4)  1.393(3) 
C(4)-C(5)  1.388(3) 
C(4)-H(4A)  0.9500 
C(5)-C(6)  1.378(4) 
C(5)-H(5A)  0.9500 
C(6)-C(7)  1.383(4) 
Table D.24 (cont.) 
 
  !214 
C(6)-H(6A)  0.9500 
C(7)-H(7A)  0.9500 
C(8)-C(9)  1.392(3) 
C(8)-C(13)  1.393(3) 
C(9)-C(10)  1.388(3) 
C(9)-H(9A)  0.9500 
C(10)-C(11)  1.378(4) 
C(10)-H(10A)  0.9500 
C(11)-C(12)  1.386(4) 
C(11)-H(11A)  0.9500 
C(12)-C(13)  1.391(3) 
C(12)-H(12A)  0.9500 
C(13)-H(13A)  0.9500 
C(14)-C(19)  1.386(3) 
C(14)-C(15)  1.393(3) 
C(15)-C(16)  1.387(3) 
C(15)-H(15A)  0.9500 
C(16)-C(17)  1.377(4) 
C(16)-H(16A)  0.9500 
C(17)-C(18)  1.383(4) 
C(17)-H(17A)  0.9500 
C(18)-C(19)  1.388(3) 
C(18)-H(18A)  0.9500 
C(19)-H(19A)  0.9500 
C(20)-C(21)  1.518(3) 
C(21)-C(22)  1.386(3) 
C(21)-C(26)  1.393(3) 
C(22)-C(23)  1.398(3) 
C(23)-C(24)  1.380(3) 
C(23)-H(23A)  0.9500 
C(24)-C(25)  1.386(4) 
C(24)-H(24A)  0.9500 
C(25)-C(26)  1.386(3) 
C(25)-H(25A)  0.9500 
C(26)-H(26A)  0.9500 
C(27)-C(28)  1.388(3) 
C(27)-C(32)  1.389(3) 
C(28)-C(29)  1.384(4) 
C(28)-H(28A)  0.9500 
C(29)-C(30)  1.374(4) 
C(29)-H(29A)  0.9500 
C(30)-C(31)  1.378(4) 
C(30)-H(30A)  0.9500 
C(31)-C(32)  1.385(3) 
C(31)-H(31A)  0.9500 
C(32)-H(32A)  0.9500 
C(33)-C(38)  1.382(3) 
C(33)-C(34)  1.389(3) 
C(34)-C(35)  1.387(3) 
C(34)-H(34A)  0.9500 
C(35)-C(36)  1.376(4) 
C(35)-H(35A)  0.9500 
C(36)-C(37)  1.370(4) 
C(36)-H(36A)  0.9500 
C(37)-C(38)  1.387(3) 
C(37)-H(37A)  0.9500 
C(38)-H(38A)  0.9500 
C(39)-H(39A)  0.9900 
C(39)-H(39B)  0.9900 
C(40A)-Cl(3A)  1.724(7) 
C(40A)-Cl(4A)  1.727(8) 
C(40A)-H(40A)  0.9900 
C(40A)-H(40B)  0.9900 
C(40B)-Cl(3B)  1.723(5) 
C(40B)-Cl(4B)  1.726(6) 
C(40B)-H(40C)  0.9900 
C(40B)-H(40D)  0.9900 
 
C(20)-Ni(1)-O(1) 166.38(8) 
C(20)-Ni(1)-P(2) 86.83(7) 
O(1)-Ni(1)-P(2) 91.92(5) 
C(20)-Ni(1)-P(1) 94.64(7) 
O(1)-Ni(1)-P(1) 89.95(5) 
P(2)-Ni(1)-P(1) 165.52(2) 
C(14)-P(1)-C(8) 107.04(10) 
C(14)-P(1)-C(3) 102.61(10) 
C(8)-P(1)-C(3) 103.76(10) 
C(14)-P(1)-Ni(1) 120.51(7) 
C(8)-P(1)-Ni(1) 113.67(7) 
C(3)-P(1)-Ni(1) 107.42(7) 
C(22)-P(2)-C(33) 107.95(10) 
C(22)-P(2)-C(27) 105.46(10) 
C(33)-P(2)-C(27) 105.19(10) 
C(22)-P(2)-Ni(1) 102.76(8) 
C(33)-P(2)-Ni(1) 118.44(7) 
C(27)-P(2)-Ni(1) 116.08(8) 
C(1)-O(1)-Ni(1) 138.85(15) 
O(2)-C(1)-O(1) 122.9(2) 
O(2)-C(1)-C(2) 117.8(2) 
O(1)-C(1)-C(2) 119.3(2) 
C(7)-C(2)-C(3) 118.7(2) 
C(7)-C(2)-C(1) 116.2(2) 
C(3)-C(2)-C(1) 125.1(2) 
C(4)-C(3)-C(2) 119.4(2) 
C(4)-C(3)-P(1) 120.17(18) 
C(2)-C(3)-P(1) 120.39(17) 
C(5)-C(4)-C(3) 121.0(2) 
C(5)-C(4)-H(4A) 119.5 
C(3)-C(4)-H(4A) 119.5 
C(6)-C(5)-C(4) 119.7(2) 
C(6)-C(5)-H(5A) 120.2 
C(4)-C(5)-H(5A) 120.2 
C(5)-C(6)-C(7) 119.8(2) 
C(5)-C(6)-H(6A) 120.1 
C(7)-C(6)-H(6A) 120.1 
C(6)-C(7)-C(2) 121.4(2) 
C(6)-C(7)-H(7A) 119.3 
C(2)-C(7)-H(7A) 119.3 
C(9)-C(8)-C(13) 119.2(2) 
C(9)-C(8)-P(1) 121.97(17) 
C(13)-C(8)-P(1) 118.76(17) 
C(10)-C(9)-C(8) 120.4(2) 
C(10)-C(9)-H(9A) 119.8 
C(8)-C(9)-H(9A) 119.8 
C(11)-C(10)-C(9) 120.1(2) 
C(11)-C(10)-H(10A) 119.9 
C(9)-C(10)-H(10A) 119.9 
C(10)-C(11)-C(12) 120.1(2) 
C(10)-C(11)-H(11A) 119.9 
C(12)-C(11)-H(11A) 119.9 
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C(11)-C(12)-C(13) 120.0(2) 
C(11)-C(12)-H(12A) 120.0 
C(13)-C(12)-H(12A) 120.0 
C(12)-C(13)-C(8) 120.1(2) 
C(12)-C(13)-H(13A) 119.9 
C(8)-C(13)-H(13A) 119.9 
C(19)-C(14)-C(15) 119.3(2) 
C(19)-C(14)-P(1) 122.78(17) 
C(15)-C(14)-P(1) 117.52(17) 
C(16)-C(15)-C(14) 120.0(2) 
C(16)-C(15)-H(15A) 120.0 
C(14)-C(15)-H(15A) 120.0 
C(17)-C(16)-C(15) 120.3(2) 
C(17)-C(16)-H(16A) 119.9 
C(15)-C(16)-H(16A) 119.9 
C(16)-C(17)-C(18) 120.0(2) 
C(16)-C(17)-H(17A) 120.0 
C(18)-C(17)-H(17A) 120.0 
C(17)-C(18)-C(19) 120.0(2) 
C(17)-C(18)-H(18A) 120.0 
C(19)-C(18)-H(18A) 120.0 
C(14)-C(19)-C(18) 120.3(2) 
C(14)-C(19)-H(19A) 119.9 
C(18)-C(19)-H(19A) 119.9 
O(3)-C(20)-C(21) 118.3(2) 
O(3)-C(20)-Ni(1) 122.47(17) 
C(21)-C(20)-Ni(1) 118.97(16) 
C(22)-C(21)-C(26) 119.6(2) 
C(22)-C(21)-C(20) 118.1(2) 
C(26)-C(21)-C(20) 122.3(2) 
C(21)-C(22)-C(23) 120.9(2) 
C(21)-C(22)-P(2) 112.28(16) 
C(23)-C(22)-P(2) 126.84(18) 
C(24)-C(23)-C(22) 118.9(2) 
C(24)-C(23)-H(23A) 120.5 
C(22)-C(23)-H(23A) 120.5 
C(23)-C(24)-C(25) 120.5(2) 
C(23)-C(24)-H(24A) 119.7 
C(25)-C(24)-H(24A) 119.7 
C(26)-C(25)-C(24) 120.6(2) 
C(26)-C(25)-H(25A) 119.7 
C(24)-C(25)-H(25A) 119.7 
C(25)-C(26)-C(21) 119.4(2) 
C(25)-C(26)-H(26A) 120.3 
C(21)-C(26)-H(26A) 120.3 
C(28)-C(27)-C(32) 119.2(2) 
C(28)-C(27)-P(2) 117.83(18) 
C(32)-C(27)-P(2) 122.85(17) 
C(29)-C(28)-C(27) 120.1(2) 
C(29)-C(28)-H(28A) 119.9 
C(27)-C(28)-H(28A) 119.9 
C(30)-C(29)-C(28) 120.3(3) 
C(30)-C(29)-H(29A) 119.9 
C(28)-C(29)-H(29A) 119.9 
C(29)-C(30)-C(31) 120.2(2) 
C(29)-C(30)-H(30A) 119.9 
C(31)-C(30)-H(30A) 119.9 
C(30)-C(31)-C(32) 120.0(3) 
C(30)-C(31)-H(31A) 120.0 
C(32)-C(31)-H(31A) 120.0 
C(31)-C(32)-C(27) 120.2(2) 
C(31)-C(32)-H(32A) 119.9 
C(27)-C(32)-H(32A) 119.9 
C(38)-C(33)-C(34) 119.4(2) 
C(38)-C(33)-P(2) 121.88(18) 
C(34)-C(33)-P(2) 118.63(18) 
C(35)-C(34)-C(33) 120.0(2) 
C(35)-C(34)-H(34A) 120.0 
C(33)-C(34)-H(34A) 120.0 
C(36)-C(35)-C(34) 120.1(3) 
C(36)-C(35)-H(35A) 119.9 
C(34)-C(35)-H(35A) 119.9 
C(37)-C(36)-C(35) 120.0(2) 
C(37)-C(36)-H(36A) 120.0 
C(35)-C(36)-H(36A) 120.0 
C(36)-C(37)-C(38) 120.4(3) 
C(36)-C(37)-H(37A) 119.8 
C(38)-C(37)-H(37A) 119.8 
C(33)-C(38)-C(37) 120.0(2) 
C(33)-C(38)-H(38A) 120.0 
C(37)-C(38)-H(38A) 120.0 
Cl(2)-C(39)-Cl(1) 112.29(17) 
Cl(2)-C(39)-H(39A) 109.1 
Cl(1)-C(39)-H(39A) 109.1 
Cl(2)-C(39)-H(39B) 109.1 
Cl(1)-C(39)-H(39B) 109.1 
H(39A)-C(39)-H(39B) 107.9 
Cl(3A)-C(40A)-Cl(4A) 110.0(8) 
Cl(3A)-C(40A)-H(40A) 109.7 
Cl(4A)-C(40A)-H(40A) 109.7 
Cl(3A)-C(40A)-H(40B) 109.7 
Cl(4A)-C(40A)-H(40B) 109.7 
H(40A)-C(40A)-H(40B) 108.2 
Cl(3B)-C(40B)-Cl(4B) 115.4(5) 
Cl(3B)-C(40B)-H(40C) 108.4 
Cl(4B)-C(40B)-H(40C) 108.4 
Cl(3B)-C(40B)-H(40D) 108.4 
Cl(4B)-C(40B)-H(40D) 108.4 
H(40C)-C(40B)-H(40D) 107.5 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table D.25.   Crystal data and structure refinement for 6.2BPhF3. 
Identification code  ba72jasq 
Empirical formula  C61 H34 B Cl6 F15 Fe O5 P2 
Formula weight  1473.18 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 15.6244(9) Å a= 90°. 
 b = 17.9336(11) Å b= 98.069(4)°. 
 c = 22.4793(14) Å g = 90°. 
Volume 6236.4(7) Å3 
Z 4 
Density (calculated) 1.569 Mg/m3 
Absorption coefficient 0.644 mm-1 
F(000) 2952 
Crystal size 0.257 x 0.228 x 0.102 mm3 
Theta range for data collection 1.46 to 25.48°. 
Index ranges -18<=h<=18, -21<=k<=21, -27<=l<=27 
Reflections collected 96818 
Independent reflections 11499 [R(int) = 0.1762] 
Completeness to theta = 25.48° 99.3 %  
Absorption correction Integration 
Max. and min. transmission 0.9594 and 0.8786 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11499 / 0 / 741 
Goodness-of-fit on F2 0.894 
Final R indices [I>2sigma(I)] R1 = 0.0598, wR2 = 0.1079 
R indices (all data) R1 = 0.1312, wR2 = 0.1264 
Largest diff. peak and hole 0.278 and -0.253 e.Å-3 
Table D.26.   Bond lengths [Å] and angles [°] for 6.1BPhF3 
_____________________________________________________ 
Fe(1)-C(2)  1.797(4) 
Fe(1)-C(1)  1.820(4) 
Fe(1)-C(20)  2.004(4) 
Fe(1)-O(4)  2.023(3) 
Fe(1)-P(1)  2.2122(11) 
Fe(1)-P(2)  2.2964(11) 
P(1)-C(15)  1.812(4) 
P(1)-C(9)  1.820(4) 
P(1)-C(3)  1.825(4) 
P(2)-C(21)  1.823(4) 
P(2)-C(34)  1.823(4) 
P(2)-C(27)  1.833(4) 
O(1)-C(1)  1.135(4) 
O(2)-C(2)  1.132(4) 
O(3)-C(20)  1.222(4) 
O(4)-C(33)  1.236(4) 
O(5)-C(33)  1.291(4) 
O(5)-B(1)  1.531(5) 
F(16)-C(41)  1.350(4) 
F(17)-C(42)  1.335(5) 
F(18)-C(43)  1.348(5) 
F(19)-C(44)  1.348(5) 
F(20)-C(45)  1.344(5) 
F(21)-C(47)  1.365(4) 
F(22)-C(48)  1.344(5) 
F(23)-C(49)  1.335(5) 
F(24)-C(50)  1.352(5) 
F(25)-C(51)  1.351(4) 
F(26)-C(53)  1.352(5) 
F(27)-C(54)  1.345(5) 
F(28)-C(55)  1.364(5) 
F(29)-C(56)  1.338(5) 
F(30)-C(57)  1.342(5) 
B(1)-C(40)  1.632(6) 
B(1)-C(52)  1.639(6) 
B(1)-C(46)  1.651(6) 
C(3)-C(8)  1.379(6) 
C(3)-C(4)  1.382(6) 
C(4)-C(5)  1.382(6) 
C(5)-C(6)  1.391(7) 
C(6)-C(7)  1.365(7) 
C(7)-C(8)  1.389(6) 
C(9)-C(10)  1.380(5) 
C(9)-C(14)  1.406(5) 
C(10)-C(11)  1.379(5) 
C(11)-C(12)  1.389(6) 
C(12)-C(13)  1.361(6) 
C(13)-C(14)  1.395(5) 
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C(15)-C(16)  1.388(5) 
C(15)-C(130)  1.400(5) 
C(16)-C(17)  1.396(5) 
C(16)-C(20)  1.517(5) 
C(17)-C(18)  1.374(6) 
C(18)-C(19)  1.393(6) 
C(19)-C(130)  1.381(6) 
C(21)-C(26)  1.373(5) 
C(21)-C(22)  1.402(5) 
C(22)-C(23)  1.382(5) 
C(23)-C(24)  1.387(5) 
C(24)-C(25)  1.376(6) 
C(25)-C(26)  1.380(5) 
C(27)-C(32)  1.385(5) 
C(27)-C(28)  1.408(5) 
C(28)-C(29)  1.384(5) 
C(28)-C(33)  1.487(5) 
C(29)-C(30)  1.368(5) 
C(30)-C(31)  1.370(5) 
C(31)-C(32)  1.386(5) 
C(34)-C(39)  1.391(6) 
C(34)-C(35)  1.393(5) 
C(35)-C(36)  1.400(6) 
C(36)-C(37)  1.388(7) 
C(37)-C(38)  1.346(7) 
C(38)-C(39)  1.391(6) 
C(40)-C(41)  1.382(5) 
C(40)-C(45)  1.385(5) 
C(41)-C(42)  1.384(5) 
C(42)-C(43)  1.359(6) 
C(43)-C(44)  1.369(6) 
C(44)-C(45)  1.378(6) 
C(46)-C(47)  1.374(5) 
C(46)-C(51)  1.377(5) 
C(47)-C(48)  1.383(5) 
C(48)-C(49)  1.369(6) 
C(49)-C(50)  1.356(6) 
C(50)-C(51)  1.397(6) 
C(52)-C(53)  1.386(6) 
C(52)-C(57)  1.392(6) 
C(53)-C(54)  1.376(6) 
C(54)-C(55)  1.386(7) 
C(55)-C(56)  1.347(7) 
C(56)-C(57)  1.382(6) 
 
C(2)-Fe(1)-C(1) 92.74(19) 
C(2)-Fe(1)-C(20) 84.50(17) 
C(1)-Fe(1)-C(20) 174.92(18) 
C(2)-Fe(1)-O(4) 85.17(15) 
C(1)-Fe(1)-O(4) 89.09(15) 
C(20)-Fe(1)-O(4) 94.91(13) 
C(2)-Fe(1)-P(1) 91.48(13) 
C(1)-Fe(1)-P(1) 90.84(13) 
C(20)-Fe(1)-P(1) 84.98(12) 
O(4)-Fe(1)-P(1) 176.64(8) 
C(2)-Fe(1)-P(2) 163.78(13) 
C(1)-Fe(1)-P(2) 96.78(14) 
C(20)-Fe(1)-P(2) 86.90(11) 
O(4)-Fe(1)-P(2) 81.89(7) 
P(1)-Fe(1)-P(2) 101.45(4) 
C(15)-P(1)-C(9) 110.23(18) 
C(15)-P(1)-C(3) 103.25(19) 
C(9)-P(1)-C(3) 105.34(18) 
C(15)-P(1)-Fe(1) 104.35(14) 
C(9)-P(1)-Fe(1) 119.06(13) 
C(3)-P(1)-Fe(1) 113.54(13) 
C(21)-P(2)-C(34) 105.49(18) 
C(21)-P(2)-C(27) 103.40(17) 
C(34)-P(2)-C(27) 102.88(18) 
C(21)-P(2)-Fe(1) 119.71(12) 
C(34)-P(2)-Fe(1) 115.21(13) 
C(27)-P(2)-Fe(1) 108.27(12) 
C(33)-O(4)-Fe(1) 138.3(2) 
C(33)-O(5)-B(1) 125.6(3) 
O(5)-B(1)-C(40) 112.9(3) 
O(5)-B(1)-C(52) 106.6(3) 
C(40)-B(1)-C(52) 114.3(3) 
O(5)-B(1)-C(46) 101.9(3) 
C(40)-B(1)-C(46) 105.5(3) 
C(52)-B(1)-C(46) 115.1(3) 
O(1)-C(1)-Fe(1) 172.9(4) 
O(2)-C(2)-Fe(1) 174.8(4) 
C(8)-C(3)-C(4) 118.6(4) 
C(8)-C(3)-P(1) 118.4(3) 
C(4)-C(3)-P(1) 122.7(3) 
C(3)-C(4)-C(5) 121.0(5) 
C(4)-C(5)-C(6) 119.3(5) 
C(7)-C(6)-C(5) 120.3(5) 
C(6)-C(7)-C(8) 119.7(5) 
C(3)-C(8)-C(7) 121.0(5) 
C(10)-C(9)-C(14) 118.2(4) 
C(10)-C(9)-P(1) 120.3(3) 
C(14)-C(9)-P(1) 121.4(3) 
C(9)-C(10)-C(11) 122.2(4) 
C(10)-C(11)-C(12) 119.3(4) 
C(13)-C(12)-C(11) 119.5(4) 
C(12)-C(13)-C(14) 121.9(4) 
C(13)-C(14)-C(9) 118.9(4) 
C(16)-C(15)-C(130) 120.8(4) 
C(16)-C(15)-P(1) 113.4(3) 
C(130)-C(15)-P(1) 125.7(3) 
C(15)-C(16)-C(17) 119.6(4) 
C(15)-C(16)-C(20) 118.5(4) 
C(17)-C(16)-C(20) 121.9(4) 
C(18)-C(17)-C(16) 119.9(4) 
C(17)-C(18)-C(19) 120.2(4) 
C(130)-C(19)-C(18) 120.9(4) 
O(3)-C(20)-C(16) 118.2(4) 
O(3)-C(20)-Fe(1) 122.9(3) 
C(16)-C(20)-Fe(1) 118.7(3) 
C(26)-C(21)-C(22) 119.7(3) 
C(26)-C(21)-P(2) 122.8(3) 
C(22)-C(21)-P(2) 117.5(3) 
C(23)-C(22)-C(21) 119.9(4) 
C(22)-C(23)-C(24) 119.6(4) 
C(25)-C(24)-C(23) 120.2(4) 
C(24)-C(25)-C(26) 120.4(4) 
C(21)-C(26)-C(25) 120.2(4) 
C(32)-C(27)-C(28) 117.5(3) 
C(32)-C(27)-P(2) 120.3(3) 
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C(28)-C(27)-P(2) 122.0(3) 
C(29)-C(28)-C(27) 120.9(3) 
C(29)-C(28)-C(33) 118.3(3) 
C(27)-C(28)-C(33) 120.7(3) 
C(30)-C(29)-C(28) 119.9(4) 
C(31)-C(30)-C(29) 120.2(4) 
C(30)-C(31)-C(32) 120.5(4) 
C(27)-C(32)-C(31) 120.8(4) 
O(4)-C(33)-O(5) 121.9(3) 
O(4)-C(33)-C(28) 124.4(3) 
O(5)-C(33)-C(28) 113.6(3) 
C(39)-C(34)-C(35) 117.3(4) 
C(39)-C(34)-P(2) 123.2(3) 
C(35)-C(34)-P(2) 119.5(3) 
C(34)-C(35)-C(36) 120.7(5) 
C(37)-C(36)-C(35) 120.7(5) 
C(38)-C(37)-C(36) 118.5(5) 
C(37)-C(38)-C(39) 122.0(5) 
C(34)-C(39)-C(38) 120.9(5) 
C(41)-C(40)-C(45) 113.5(4) 
C(41)-C(40)-B(1) 128.2(3) 
C(45)-C(40)-B(1) 118.3(4) 
F(16)-C(41)-C(42) 114.4(4) 
F(16)-C(41)-C(40) 120.8(4) 
C(42)-C(41)-C(40) 124.7(4) 
F(17)-C(42)-C(43) 120.1(4) 
F(17)-C(42)-C(41) 121.2(4) 
C(43)-C(42)-C(41) 118.7(5) 
F(18)-C(43)-C(42) 119.9(5) 
F(18)-C(43)-C(44) 120.4(5) 
C(42)-C(43)-C(44) 119.7(5) 
F(19)-C(44)-C(43) 120.6(5) 
F(19)-C(44)-C(45) 119.6(5) 
C(43)-C(44)-C(45) 119.8(4) 
F(20)-C(45)-C(44) 117.3(4) 
F(20)-C(45)-C(40) 119.0(4) 
C(44)-C(45)-C(40) 123.6(4) 
C(47)-C(46)-C(51) 112.8(4) 
C(47)-C(46)-B(1) 119.9(3) 
C(51)-C(46)-B(1) 127.1(4) 
F(21)-C(47)-C(46) 119.9(4) 
F(21)-C(47)-C(48) 114.7(4) 
C(46)-C(47)-C(48) 125.3(4) 
F(22)-C(48)-C(49) 119.3(4) 
F(22)-C(48)-C(47) 121.4(4) 
C(49)-C(48)-C(47) 119.3(4) 
F(23)-C(49)-C(50) 120.4(4) 
F(23)-C(49)-C(48) 121.3(4) 
C(50)-C(49)-C(48) 118.3(4) 
F(24)-C(50)-C(49) 120.2(4) 
F(24)-C(50)-C(51) 119.4(4) 
C(49)-C(50)-C(51) 120.4(4) 
F(25)-C(51)-C(46) 120.4(4) 
F(25)-C(51)-C(50) 115.8(4) 
C(46)-C(51)-C(50) 123.8(4) 
C(53)-C(52)-C(57) 113.5(4) 
C(53)-C(52)-B(1) 120.6(4) 
C(57)-C(52)-B(1) 125.7(4) 
F(26)-C(53)-C(54) 115.2(4) 
F(26)-C(53)-C(52) 119.6(4) 
C(54)-C(53)-C(52) 125.1(4) 
F(27)-C(54)-C(53) 121.3(5) 
F(27)-C(54)-C(55) 121.2(5) 
C(53)-C(54)-C(55) 117.5(5) 
C(56)-C(55)-F(28) 121.3(5) 
C(56)-C(55)-C(54) 120.6(5) 
F(28)-C(55)-C(54) 118.1(5) 
F(29)-C(56)-C(55) 119.4(5) 
F(29)-C(56)-C(57) 120.8(5) 
C(55)-C(56)-C(57) 119.7(5) 
F(30)-C(57)-C(56) 115.5(4) 
F(30)-C(57)-C(52) 121.1(4) 
C(56)-C(57)-C(52) 123.4(5) 
C(19)-C(130)-C(15) 118.6(4)
 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
  
Table D.27.   Crystal data and structure refinement for 6.2PMe3. 
Identification code  ba76iastq 
Empirical formula  C43 H41 Cl4 Ni O3 P3 
Formula weight  899.18 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pca2(1)  
Unit cell dimensions a = 18.842(6) Å a= 90°. 
 b = 25.205(12) Å b= 90°. 
 c = 17.491(9) Å g = 90°. 
Volume 8307(6) Å3 
Z 8 
Density (calculated) 1.438 Mg/m3 
Absorption coefficient 0.879 mm-1 
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F(000) 3712 
Crystal size 0.462 x 0.432 x 0.102 mm3 
Theta range for data collection 0.81 to 20.79°. 
Index ranges -18<=h<=18, -25<=k<=25, -17<=l<=17 
Reflections collected 96912 
Independent reflections 8646 [R(int) = 0.1054] 
Completeness to theta = 20.79° 99.8 %  
Absorption correction Integration 
Max. and min. transmission 0.9461 and 0.7387 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8646 / 1637 / 1208 
Goodness-of-fit on F2 1.040 
Final R indices [I>2sigma(I)] R1 = 0.0502, wR2 = 0.1061 
R indices (all data) R1 = 0.0640, wR2 = 0.1114 
Absolute structure parameter 0.069(16) 
Largest diff. peak and hole 0.248 and -0.269 e.Å-3 
Table D.28.   Bond lengths [Å] and angles [°] for  ba76iastq. 
_____________________________________________________  
Ni11-C201  1.871(11) 
Ni11-C20B1  1.873(8) 
Ni11-O11  1.980(5) 
Ni11-P11  2.217(2) 
Ni11-P3B1  2.255(3) 
Ni11-P31  2.259(8) 
Ni11-P21  2.281(2) 
P11-C141  1.817(6) 
P11-C81  1.835(7) 
P11-C31  1.839(6) 
P21-C221  1.82(3) 
P21-C22B1  1.833(10) 
P21-C331  1.849(6) 
P21-C27B1  1.849(9) 
P21-C271  1.855(7) 
O11-C11  1.254(8) 
O21-C11  1.222(8) 
C11-C21  1.511(9) 
C21-C71  1.390(9) 
C21-C31  1.408(8) 
C31-C41  1.373(8) 
C41-C51  1.410(9) 
C41-H4A1  0.9500 
C51-C61  1.383(10) 
C51-H5A1  0.9500 
C61-C71  1.408(10) 
C61-H6A1  0.9500 
C71-H7A1  0.9500 
C81-C91  1.368(9) 
C81-C131  1.375(10) 
C91-C101  1.396(10) 
C91-H9A1  0.9500 
C101-C111  1.370(11) 
C101-H10A1  0.9500 
C111-C121  1.345(10) 
C111-H11A1  0.9500 
C121-C131  1.415(10) 
C121-H12A1  0.9500 
C131-H13A1  0.9500 
C141-C191  1.369(9) 
C141-C151  1.422(9) 
C151-C161  1.368(9) 
C151-H15A1  0.9500 
C161-C171  1.368(9) 
C161-H16A1  0.9500 
C171-C181  1.381(9) 
C171-H17A1  0.9500 
C181-C191  1.427(9) 
C181-H18A1  0.9500 
C191-H19A1  0.9500 
O31-C201  1.261(16) 
C201-C211  1.507(13) 
C221-C231  1.3900 
C231-H23A1  0.9500 
C241-C251  1.3900 
C241-H24A1  0.9500 
C251-C261  1.3900 
C251-H25A1  0.9500 
C261-H26A1  0.9500 
O3B1-C20B1  1.261(14) 
C20B1-C21B1  1.508(10) 
C21B1-C22B1  1.3900 
C21B1-C26B1  1.3900 
C22B1-C23B1  1.3900 
C23B1-C24B1  1.3900 
C23B1-H23B1  0.9500 
C24B1-C25B1  1.3900 
C24B1-H24B1  0.9500 
C25B1-C26B1  1.3900 
C25B1-H25B1  0.9500 
C26B1-H26B1  0.9500 
C271-C281  1.3900 
C271-C321  1.3900 
C281-C291  1.3900 
C281-H28A1  0.9500 
C291-C301  1.3900 
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C291-H29A1  0.9500 
C301-C311  1.3900 
C301-H30A1  0.9500 
C311-C321  1.3900 
C311-H31A1  0.9500 
C321-H32A1  0.9500 
C27B1-C28B1  1.378(17) 
C27B1-C32B1  1.46(2) 
C28B1-C29B1  1.45(2) 
C28B1-H28B1  0.9500 
C29B1-C30B1  1.34(2) 
C29B1-H29B1  0.9500 
C30B1-C31B1  1.36(2) 
C30B1-H30B1  0.9500 
C31B1-C32B1  1.371(18) 
C31B1-H31B1  0.9500 
C32B1-H32B1  0.9500 
C331-C381  1.370(9) 
C331-C341  1.398(8) 
C341-C351  1.379(9) 
C341-H34A1  0.9500 
C351-C361  1.350(9) 
C351-H35A1  0.9500 
C361-C371  1.361(9) 
C361-H36A1  0.9500 
C371-C381  1.404(10) 
C371-H37A1  0.9500 
C381-H38A1  0.9500 
P31-C411  1.823(9) 
P31-C401  1.824(9) 
P31-C391  1.824(9) 
C391-H39A1  0.9800 
C391-H39B1  0.9800 
C391-H39C1  0.9800 
C401-H40A1  0.9800 
C401-H40B1  0.9800 
C401-H40C1  0.9800 
C411-H41A1  0.9800 
C411-H41B1  0.9800 
C411-H41C1  0.9800 
P3B1-C41B1  1.815(7) 
P3B1-C40B1  1.821(7) 
P3B1-C39B1  1.827(7) 
C39B1-H39D1  0.9800 
C39B1-H39E1  0.9800 
C39B1-H39F1  0.9800 
C40B1-H40D1  0.9800 
C40B1-H40E1  0.9800 
C40B1-H40F1  0.9800 
C41B1-H41D1  0.9800 
C41B1-H41E1  0.9800 
C41B1-H41F1  0.9800 
Ni12-C20B2  1.888(10) 
Ni12-C202  1.888(8) 
Ni12-O12  2.000(7) 
Ni12-O1B2  2.007(8) 
Ni12-P22  2.202(4) 
Ni12-P12  2.207(2) 
Ni12-P2B2  2.212(7) 
Ni12-P3B2  2.268(3) 
Ni12-P32  2.277(9) 
P12-C82  1.824(6) 
P12-C142  1.830(7) 
P12-C3B2  1.846(7) 
P12-C32  1.853(5) 
O12-C12  1.252(13) 
C12-O22  1.292(10) 
C12-C22  1.535(9) 
C22-C32  1.3900 
C22-C72  1.3900 
C32-C42  1.3900 
C42-C52  1.3900 
C42-H4B2  0.9500 
C52-C62  1.3900 
C52-H5B2  0.9500 
C62-C72  1.3900 
C62-H6B2  0.9500 
C72-H7B2  0.9500 
O1B2-C1B2  1.264(14) 
C1B2-O2B2  1.305(11) 
C1B2-C2B2  1.545(10) 
C2B2-C3B2  1.3900 
C2B2-C7B2  1.3900 
C3B2-C4B2  1.3900 
C4B2-C5B2  1.3900 
C4B2-H4BA2  0.9500 
C5B2-C6B2  1.3900 
C5B2-H5BA2  0.9500 
C6B2-C7B2  1.3900 
C6B2-H6BA2  0.9500 
C7B2-H7BA2  0.9500 
C82-C92  1.362(8) 
C82-C132  1.425(9) 
C92-C102  1.371(9) 
C92-H9B2  0.9500 
C102-C112  1.377(10) 
C102-H10B2  0.9500 
C112-C122  1.378(10) 
C112-H11B2  0.9500 
C122-C132  1.374(9) 
C122-H12B2  0.9500 
C132-H13B2  0.9500 
C142-C192  1.364(9) 
C142-C152  1.412(9) 
C152-C162  1.382(9) 
C152-H15B2  0.9500 
C162-C172  1.403(10) 
C162-H16B2  0.9500 
C172-C182  1.383(10) 
C172-H17B2  0.9500 
C182-C192  1.413(9) 
C182-H18B2  0.9500 
C192-H19B2  0.9500 
P22-C222  1.812(5) 
P22-C332  1.822(5) 
P22-C272  1.824(6) 
O32-C202  1.241(19) 
C202-C212  1.527(11) 
C212-C222  1.3900 
C212-C262  1.3900 
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C222-C232  1.3900 
C232-C242  1.3900 
C232-H23C2  0.9500 
C242-C252  1.3900 
C242-H24C2  0.9500 
C252-C262  1.3900 
C252-H25C2  0.9500 
C262-H26C2  0.9500 
C272-C282  1.3900 
C272-C322  1.3900 
C282-C292  1.3900 
C282-H28C2  0.9500 
C292-C302  1.3900 
C292-H29C2  0.9500 
C302-C312  1.3900 
C302-H30C2  0.9500 
C312-C322  1.3900 
C312-H31C2  0.9500 
C322-H32C2  0.9500 
C332-C342  1.3900 
C332-C382  1.3900 
C342-C352  1.3900 
C342-H34B2  0.9500 
C352-C362  1.3900 
C352-H35B2  0.9500 
C362-C372  1.3900 
C362-H36B2  0.9500 
C372-C382  1.3900 
C372-H37B2  0.9500 
C382-H38B2  0.9500 
P2B2-C22B2  1.814(8) 
P2B2-C33B2  1.836(9) 
P2B2-C27B2  1.839(8) 
O3B2-C20B2  1.24(2) 
C20B2-C21B2  1.526(13) 
C21B2-C22B2  1.3900 
C21B2-C26B2  1.3900 
C22B2-C23B2  1.3900 
C23B2-C24B2  1.3900 
C23B2-H23D2  0.9500 
C24B2-C25B2  1.3900 
C24B2-H24D2  0.9500 
C25B2-C26B2  1.3900 
C25B2-H25D2  0.9500 
C26B2-H26D2  0.9500 
C27B2-C28B2  1.3900 
C27B2-C32B2  1.3900 
C28B2-C29B2  1.3900 
C28B2-H28D2  0.9500 
C29B2-C30B2  1.3900 
C29B2-H29D2  0.9500 
C30B2-C31B2  1.3900 
C30B2-H30D2  0.9500 
C31B2-C32B2  1.3900 
C31B2-H31D2  0.9500 
C32B2-H32D2  0.9500 
C33B2-C34B2  1.3900 
C33B2-C38B2  1.3900 
C34B2-C35B2  1.3900 
C34B2-H34C2  0.9500 
C35B2-C36B2  1.3900 
C35B2-H35C2  0.9500 
C36B2-C37B2  1.3900 
C36B2-H36C2  0.9500 
C37B2-C38B2  1.3900 
C37B2-H37C2  0.9500 
C38B2-H38C2  0.9500 
P32-C392  1.799(10) 
P32-C412  1.800(9) 
P32-C402  1.800(9) 
C392-H39G2  0.9800 
C392-H39H2  0.9800 
C392-H39I2  0.9800 
C402-H40G2  0.9800 
C402-H40H2  0.9800 
C402-H40I2  0.9800 
C412-H41G2  0.9800 
C412-H41H2  0.9800 
C412-H41I2  0.9800 
P3B2-C40B2  1.788(8) 
P3B2-C41B2  1.795(7) 
P3B2-C39B2  1.797(8) 
C39B2-H39J2  0.9800 
C39B2-H39K2  0.9800 
C39B2-H39L2  0.9800 
C40B2-H40J2  0.9800 
C40B2-H40K2  0.9800 
C40B2-H40L2  0.9800 
C41B2-H41J2  0.9800 
C41B2-H41K2  0.9800 
C41B2-H41L2  0.9800 
 
C201-Ni11-C20B1 4(3) 
C201-Ni11-O11 173.7(14) 
C20B1-Ni11-O11 172.9(4) 
C201-Ni11-P11 89(2) 
C20B1-Ni11-P11 92.0(8) 
O11-Ni11-P11 86.67(15) 
C201-Ni11-P3B1 92(2) 
C20B1-Ni11-P3B1 88.2(8) 
O11-Ni11-P3B1 87.2(3) 
P11-Ni11-P3B1 129.4(3) 
C201-Ni11-P31 88(2) 
C20B1-Ni11-P31 83.6(11) 
O11-Ni11-P31 92.5(9) 
P11-Ni11-P31 135.3(7) 
P3B1-Ni11-P31 7.5(10) 
C201-Ni11-P21 86.8(11) 
C20B1-Ni11-P21 87.3(4) 
O11-Ni11-P21 99.27(15) 
P11-Ni11-P21 121.36(7) 
P3B1-Ni11-P21 109.2(3) 
P31-Ni11-P21 103.0(8) 
C141-P11-C81 101.6(3) 
C141-P11-C31 103.9(3) 
C81-P11-C31 105.1(3) 
C141-P11-Ni11 124.0(2) 
C81-P11-Ni11 114.2(2) 
C31-P11-Ni11 106.2(2) 
C221-P21-C331 106.5(17) 
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C22B1-P21-C331 102.2(6) 
C221-P21-C27B1 95.1(15) 
C22B1-P21-C27B1 101.4(8) 
C331-P21-C27B1 98.5(6) 
C221-P21-C271 102.6(15) 
C22B1-P21-C271 109.3(7) 
C331-P21-C271 102.0(5) 
C221-P21-Ni11 100.1(16) 
C22B1-P21-Ni11 99.0(5) 
C331-P21-Ni11 128.3(2) 
C27B1-P21-Ni11 122.6(5) 
C271-P21-Ni11 114.5(4) 
C11-O11-Ni11 136.6(5) 
O21-C11-O11 123.2(7) 
O21-C11-C21 116.8(6) 
O11-C11-C21 119.9(6) 
C71-C21-C31 119.1(6) 
C71-C21-C11 116.9(6) 
C31-C21-C11 124.1(6) 
C41-C31-C21 119.9(6) 
C41-C31-P11 121.6(5) 
C21-C31-P11 118.5(5) 
C31-C41-C51 121.6(7) 
C31-C41-H4A1 119.2 
C51-C41-H4A1 119.2 
C61-C51-C41 118.3(7) 
C61-C51-H5A1 120.8 
C41-C51-H5A1 120.8 
C51-C61-C71 120.5(7) 
C51-C61-H6A1 119.7 
C71-C61-H6A1 119.7 
C21-C71-C61 120.4(7) 
C21-C71-H7A1 119.8 
C61-C71-H7A1 119.8 
C91-C81-C131 119.5(7) 
C91-C81-P11 117.8(6) 
C131-C81-P11 122.4(6) 
C81-C91-C101 119.9(8) 
C81-C91-H9A1 120.1 
C101-C91-H9A1 120.1 
C111-C101-C91 120.3(8) 
C111-C101-H10A1 119.8 
C91-C101-H10A1 119.8 
C121-C111-C101 120.5(8) 
C121-C111-H11A1 119.8 
C101-C111-H11A1 119.8 
C111-C121-C131 119.7(8) 
C111-C121-H12A1 120.1 
C131-C121-H12A1 120.1 
C81-C131-C121 120.0(8) 
C81-C131-H13A1 120.0 
C121-C131-H13A1 120.0 
C191-C141-C151 117.7(6) 
C191-C141-P11 119.5(5) 
C151-C141-P11 122.8(5) 
C161-C151-C141 120.1(6) 
C161-C151-H15A1 119.9 
C141-C151-H15A1 119.9 
C151-C161-C171 121.8(7) 
C151-C161-H16A1 119.1 
C171-C161-H16A1 119.1 
C161-C171-C181 120.3(6) 
C161-C171-H17A1 119.8 
C181-C171-H17A1 119.8 
C171-C181-C191 118.0(6) 
C171-C181-H18A1 121.0 
C191-C181-H18A1 121.0 
C141-C191-C181 122.0(6) 
C141-C191-H19A1 119.0 
C181-C191-H19A1 119.0 
O31-C201-C211 108(5) 
O31-C201-Ni11 116(3) 
C211-C201-Ni11 119(2) 
C221-C211-C261 120.0 
C221-C211-C201 119(3) 
C261-C211-C201 119(3) 
C231-C221-C211 120.0 
C231-C221-P21 127(3) 
C211-C221-P21 113(3) 
C221-C231-C241 120.0 
C221-C231-H23A1 120.0 
C241-C231-H23A1 120.0 
C251-C241-C231 120.0 
C251-C241-H24A1 120.0 
C231-C241-H24A1 120.0 
C261-C251-C241 120.0 
C261-C251-H25A1 120.0 
C241-C251-H25A1 120.0 
C251-C261-C211 120.0 
C251-C261-H26A1 120.0 
C211-C261-H26A1 120.0 
O3B1-C20B1-C21B1 119.6(10) 
O3B1-C20B1-Ni11 119.6(9) 
C21B1-C20B1-Ni11 119.9(8) 
C22B1-C21B1-C26B1 120.0 
C22B1-C21B1-C20B1 118.5(8) 
C26B1-C21B1-C20B1 121.5(8) 
C23B1-C22B1-C21B1 120.0 
C23B1-C22B1-P21 125.8(7) 
C21B1-C22B1-P21 114.2(7) 
C22B1-C23B1-C24B1 120.0 
C22B1-C23B1-H23B1 120.0 
C24B1-C23B1-H23B1 120.0 
C23B1-C24B1-C25B1 120.0 
C23B1-C24B1-H24B1 120.0 
C25B1-C24B1-H24B1 120.0 
C26B1-C25B1-C24B1 120.0 
C26B1-C25B1-H25B1 120.0 
C24B1-C25B1-H25B1 120.0 
C25B1-C26B1-C21B1 120.0 
C25B1-C26B1-H26B1 120.0 
C21B1-C26B1-H26B1 120.0 
C281-C271-C321 120.0 
C281-C271-P21 113.9(8) 
C321-C271-P21 124.1(8) 
C271-C281-C291 120.0 
C271-C281-H28A1 120.0 
C291-C281-H28A1 120.0 
C301-C291-C281 120.0 
C301-C291-H29A1 120.0 
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C281-C291-H29A1 120.0 
C311-C301-C291 120.0 
C311-C301-H30A1 120.0 
C291-C301-H30A1 120.0 
C301-C311-C321 120.0 
C301-C311-H31A1 120.0 
C321-C311-H31A1 120.0 
C311-C321-C271 120.0 
C311-C321-H32A1 120.0 
C271-C321-H32A1 120.0 
C28B1-C27B1-C32B1 120.5(11) 
C28B1-C27B1-P21 118.0(12) 
C32B1-C27B1-P21 119.8(12) 
C27B1-C28B1-C29B1 119.5(14) 
C27B1-C28B1-H28B1 120.3 
C29B1-C28B1-H28B1 120.3 
C30B1-C29B1-C28B1 116.1(15) 
C30B1-C29B1-H29B1 121.9 
C28B1-C29B1-H29B1 121.9 
C29B1-C30B1-C31B1 125.9(16) 
C29B1-C30B1-H30B1 117.1 
C31B1-C30B1-H30B1 117.1 
C30B1-C31B1-C32B1 120.6(15) 
C30B1-C31B1-H31B1 119.7 
C32B1-C31B1-H31B1 119.7 
C31B1-C32B1-C27B1 116.0(13) 
C31B1-C32B1-H32B1 122.0 
C27B1-C32B1-H32B1 122.0 
C381-C331-C341 118.2(6) 
C381-C331-P21 123.8(5) 
C341-C331-P21 118.0(5) 
C351-C341-C331 121.1(6) 
C351-C341-H34A1 119.4 
C331-C341-H34A1 119.4 
C361-C351-C341 120.0(7) 
C361-C351-H35A1 120.0 
C341-C351-H35A1 120.0 
C351-C361-C371 120.3(7) 
C351-C361-H36A1 119.8 
C371-C361-H36A1 119.8 
C361-C371-C381 120.7(7) 
C361-C371-H37A1 119.7 
C381-C371-H37A1 119.7 
C331-C381-C371 119.6(7) 
C331-C381-H38A1 120.2 
C371-C381-H38A1 120.2 
C411-P31-C401 101.3(6) 
C411-P31-C391 101.3(6) 
C401-P31-C391 101.2(6) 
C411-P31-Ni11 116.0(17) 
C401-P31-Ni11 104(2) 
C391-P31-Ni11 129(2) 
P31-C391-H39A1 109.4 
P31-C391-H39B1 109.5 
H39A1-C391-H39B1 109.5 
P31-C391-H39C1 109.5 
H39A1-C391-H39C1 109.5 
H39B1-C391-H39C1 109.5 
P31-C401-H40A1 109.5 
P31-C401-H40B1 109.5 
H40A1-C401-H40B1 109.5 
P31-C401-H40C1 109.4 
H40A1-C401-H40C1 109.5 
H40B1-C401-H40C1 109.5 
P31-C411-H41A1 109.5 
P31-C411-H41B1 109.5 
H41A1-C411-H41B1 109.5 
P31-C411-H41C1 109.5 
H41A1-C411-H41C1 109.5 
H41B1-C411-H41C1 109.5 
C41B1-P3B1-C40B1 101.7(4) 
C41B1-P3B1-C39B1 101.6(4) 
C40B1-P3B1-C39B1 101.3(4) 
C41B1-P3B1-Ni11 118.8(5) 
C40B1-P3B1-Ni11 115.1(6) 
C39B1-P3B1-Ni11 115.7(6) 
P3B1-C39B1-H39D1 109.5 
P3B1-C39B1-H39E1 109.5 
H39D1-C39B1-H39E1 109.5 
P3B1-C39B1-H39F1 109.5 
H39D1-C39B1-H39F1 109.5 
H39E1-C39B1-H39F1 109.5 
P3B1-C40B1-H40D1 109.5 
P3B1-C40B1-H40E1 109.5 
H40D1-C40B1-H40E1 109.5 
P3B1-C40B1-H40F1 109.5 
H40D1-C40B1-H40F1 109.5 
H40E1-C40B1-H40F1 109.5 
P3B1-C41B1-H41D1 109.5 
P3B1-C41B1-H41E1 109.5 
H41D1-C41B1-H41E1 109.5 
P3B1-C41B1-H41F1 109.5 
H41D1-C41B1-H41F1 109.5 
H41E1-C41B1-H41F1 109.5 
C20B2-Ni12-C202 2(6) 
C20B2-Ni12-O12 171.1(17) 
C202-Ni12-O12 170.7(13) 
C20B2-Ni12-O1B2 175.8(14) 
C202-Ni12-O1B2 175.2(9) 
O12-Ni12-O1B2 13.1(8) 
C20B2-Ni12-P22 86.4(7) 
C202-Ni12-P22 85.7(5) 
O12-Ni12-P22 101.8(7) 
O1B2-Ni12-P22 89.6(7) 
C20B2-Ni12-P12 92(4) 
C202-Ni12-P12 94.1(16) 
O12-Ni12-P12 85.2(6) 
O1B2-Ni12-P12 89.7(6) 
P22-Ni12-P12 130.89(17) 
C20B2-Ni12-P2B2 92.5(9) 
C202-Ni12-P2B2 92.1(5) 
O12-Ni12-P2B2 96.0(8) 
O1B2-Ni12-P2B2 83.3(8) 
P22-Ni12-P2B2 9.3(4) 
P12-Ni12-P2B2 123.7(3) 
C20B2-Ni12-P3B2 94(4) 
C202-Ni12-P3B2 92.3(18) 
O12-Ni12-P3B2 79.8(4) 
O1B2-Ni12-P3B2 88.7(7) 
P22-Ni12-P3B2 112.1(2) 
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P12-Ni12-P3B2 116.97(15) 
P2B2-Ni12-P3B2 118.6(4) 
C20B2-Ni12-P32 88(4) 
C202-Ni12-P32 87(2) 
O12-Ni12-P32 85.9(8) 
O1B2-Ni12-P32 93.8(10) 
P22-Ni12-P32 106.3(7) 
P12-Ni12-P32 122.8(7) 
P2B2-Ni12-P32 113.4(8) 
P3B2-Ni12-P32 7.8(7) 
C82-P12-C142 102.7(3) 
C82-P12-C3B2 105.2(10) 
C142-P12-C3B2 105.0(7) 
C82-P12-C32 104.1(8) 
C142-P12-C32 101.4(5) 
C82-P12-Ni12 110.7(2) 
C142-P12-Ni12 124.5(2) 
C3B2-P12-Ni12 107.2(8) 
C32-P12-Ni12 111.3(6) 
C12-O12-Ni12 130.5(12) 
O12-C12-O22 120.2(12) 
O12-C12-C22 119.1(16) 
O22-C12-C22 116.9(12) 
C32-C22-C72 120.0 
C32-C22-C12 131.1(10) 
C72-C22-C12 108.5(11) 
C42-C32-C22 120.0 
C42-C32-P12 124.6(9) 
C22-C32-P12 115.3(9) 
C32-C42-C52 120.0 
C32-C42-H4B2 120.0 
C52-C42-H4B2 120.0 
C62-C52-C42 120.0 
C62-C52-H5B2 120.0 
C42-C52-H5B2 120.0 
C72-C62-C52 120.0 
C72-C62-H6B2 120.0 
C52-C62-H6B2 120.0 
C62-C72-C22 120.0 
C62-C72-H7B2 120.0 
C22-C72-H7B2 120.0 
C1B2-O1B2-Ni12 135.5(17) 
O1B2-C1B2-O2B2 127.0(16) 
O1B2-C1B2-C2B2 121.3(18) 
O2B2-C1B2-C2B2 110.9(16) 
C3B2-C2B2-C7B2 120.0 
C3B2-C2B2-C1B2 115.4(15) 
C7B2-C2B2-C1B2 124.5(15) 
C4B2-C3B2-C2B2 120.0 
C4B2-C3B2-P12 112.2(13) 
C2B2-C3B2-P12 127.7(13) 
C3B2-C4B2-C5B2 120.0 
C3B2-C4B2-H4BA2 120.0 
C5B2-C4B2-H4BA2 120.0 
C6B2-C5B2-C4B2 120.0 
C6B2-C5B2-H5BA2 120.0 
C4B2-C5B2-H5BA2 120.0 
C7B2-C6B2-C5B2 120.0 
C7B2-C6B2-H6BA2 120.0 
C5B2-C6B2-H6BA2 120.0 
C6B2-C7B2-C2B2 120.0 
C6B2-C7B2-H7BA2 120.0 
C2B2-C7B2-H7BA2 120.0 
C92-C82-C132 117.3(6) 
C92-C82-P12 125.7(5) 
C132-C82-P12 116.8(5) 
C82-C92-C102 122.1(7) 
C82-C92-H9B2 118.9 
C102-C92-H9B2 118.9 
C92-C102-C112 119.8(7) 
C92-C102-H10B2 120.1 
C112-C102-H10B2 120.1 
C102-C112-C122 120.5(7) 
C102-C112-H11B2 119.8 
C122-C112-H11B2 119.8 
C132-C122-C112 119.2(7) 
C132-C122-H12B2 120.4 
C112-C122-H12B2 120.4 
C122-C132-C82 121.0(7) 
C122-C132-H13B2 119.5 
C82-C132-H13B2 119.5 
C192-C142-C152 120.3(6) 
C192-C142-P12 118.4(5) 
C152-C142-P12 121.2(5) 
C162-C152-C142 120.1(6) 
C162-C152-H15B2 119.9 
C142-C152-H15B2 119.9 
C152-C162-C172 119.7(7) 
C152-C162-H16B2 120.1 
C172-C162-H16B2 120.1 
C182-C172-C162 119.8(7) 
C182-C172-H17B2 120.1 
C162-C172-H17B2 120.1 
C172-C182-C192 120.2(7) 
C172-C182-H18B2 119.9 
C192-C182-H18B2 119.9 
C142-C192-C182 119.7(7) 
C142-C192-H19B2 120.2 
C182-C192-H19B2 120.2 
C222-P22-C332 103.7(7) 
C222-P22-C272 110.4(7) 
C332-P22-C272 98.3(6) 
C222-P22-Ni12 103.6(5) 
C332-P22-Ni12 123.0(4) 
C272-P22-Ni12 117.1(5) 
O32-C202-C212 112.2(13) 
O32-C202-Ni12 126.3(13) 
C212-C202-Ni12 120.4(9) 
C222-C212-C262 120.0 
C222-C212-C202 117.6(9) 
C262-C212-C202 122.4(8) 
C212-C222-C232 120.0 
C212-C222-P22 111.8(7) 
C232-C222-P22 128.1(7) 
C222-C232-C242 120.0 
C222-C232-H23C2 120.0 
C242-C232-H23C2 120.0 
C252-C242-C232 120.0 
C252-C242-H24C2 120.0 
C232-C242-H24C2 120.0 
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C242-C252-C262 120.0 
C242-C252-H25C2 120.0 
C262-C252-H25C2 120.0 
C252-C262-C212 120.0 
C252-C262-H26C2 120.0 
C212-C262-H26C2 120.0 
C282-C272-C322 120.0 
C282-C272-P22 123.1(6) 
C322-C272-P22 116.9(6) 
C272-C282-C292 120.0 
C272-C282-H28C2 120.0 
C292-C282-H28C2 120.0 
C282-C292-C302 120.0 
C282-C292-H29C2 120.0 
C302-C292-H29C2 120.0 
C312-C302-C292 120.0 
C312-C302-H30C2 120.0 
C292-C302-H30C2 120.0 
C302-C312-C322 120.0 
C302-C312-H31C2 120.0 
C322-C312-H31C2 120.0 
C312-C322-C272 120.0 
C312-C322-H32C2 120.0 
C272-C322-H32C2 120.0 
C342-C332-C382 120.0 
C342-C332-P22 121.5(4) 
C382-C332-P22 118.5(4) 
C352-C342-C332 120.0 
C352-C342-H34B2 120.0 
C332-C342-H34B2 120.0 
C342-C352-C362 120.0 
C342-C352-H35B2 120.0 
C362-C352-H35B2 120.0 
C372-C362-C352 120.0 
C372-C362-H36B2 120.0 
C352-C362-H36B2 120.0 
C382-C372-C362 120.0 
C382-C372-H37B2 120.0 
C362-C372-H37B2 120.0 
C372-C382-C332 120.0 
C372-C382-H38B2 120.0 
C332-C382-H38B2 120.0 
C22B2-P2B2-C33B2 107.8(15) 
C22B2-P2B2-C27B2 94.1(15) 
C33B2-P2B2-C27B2 109.9(11) 
C22B2-P2B2-Ni12 95.7(10) 
C33B2-P2B2-Ni12 126.0(9) 
C27B2-P2B2-Ni12 116.3(9) 
O3B2-C20B2-C21B2 125(5) 
O3B2-C20B2-Ni12 115(3) 
C21B2-C20B2-Ni12 115.2(16) 
C22B2-C21B2-C26B2 120.0 
C22B2-C21B2-C20B2 116.4(19) 
C26B2-C21B2-C20B2 123.1(17) 
C23B2-C22B2-C21B2 120.0 
C23B2-C22B2-P2B2 120.6(15) 
C21B2-C22B2-P2B2 119.4(15) 
C22B2-C23B2-C24B2 120.0 
C22B2-C23B2-H23D2 120.0 
C24B2-C23B2-H23D2 120.0 
C25B2-C24B2-C23B2 120.0 
C25B2-C24B2-H24D2 120.0 
C23B2-C24B2-H24D2 120.0 
C26B2-C25B2-C24B2 120.0 
C26B2-C25B2-H25D2 120.0 
C24B2-C25B2-H25D2 120.0 
C25B2-C26B2-C21B2 120.0 
C25B2-C26B2-H26D2 120.0 
C21B2-C26B2-H26D2 120.0 
C28B2-C27B2-C32B2 120.0 
C28B2-C27B2-P2B2 124.8(14) 
C32B2-C27B2-P2B2 115.1(14) 
C29B2-C28B2-C27B2 120.0 
C29B2-C28B2-H28D2 120.0 
C27B2-C28B2-H28D2 120.0 
C30B2-C29B2-C28B2 120.0 
C30B2-C29B2-H29D2 120.0 
C28B2-C29B2-H29D2 120.0 
C29B2-C30B2-C31B2 120.0 
C29B2-C30B2-H30D2 120.0 
C31B2-C30B2-H30D2 120.0 
C30B2-C31B2-C32B2 120.0 
C30B2-C31B2-H31D2 120.0 
C32B2-C31B2-H31D2 120.0 
C31B2-C32B2-C27B2 120.0 
C31B2-C32B2-H32D2 120.0 
C27B2-C32B2-H32D2 120.0 
C34B2-C33B2-C38B2 120.0 
C34B2-C33B2-P2B2 121.9(11) 
C38B2-C33B2-P2B2 118.1(11) 
C33B2-C34B2-C35B2 120.0 
C33B2-C34B2-H34C2 120.0 
C35B2-C34B2-H34C2 120.0 
C36B2-C35B2-C34B2 120.0 
C36B2-C35B2-H35C2 120.0 
C34B2-C35B2-H35C2 120.0 
C35B2-C36B2-C37B2 120.0 
C35B2-C36B2-H36C2 120.0 
C37B2-C36B2-H36C2 120.0 
C36B2-C37B2-C38B2 120.0 
C36B2-C37B2-H37C2 120.0 
C38B2-C37B2-H37C2 120.0 
C37B2-C38B2-C33B2 120.0 
C37B2-C38B2-H38C2 120.0 
C33B2-C38B2-H38C2 120.0 
C392-P32-C412 101.0(6) 
C392-P32-C402 100.7(6) 
C412-P32-C402 100.8(6) 
C392-P32-Ni12 109(2) 
C412-P32-Ni12 120.5(19) 
C402-P32-Ni12 121.2(19) 
C40B2-P3B2-C41B2 102.0(4) 
C40B2-P3B2-C39B2 101.5(4) 
C41B2-P3B2-C39B2 100.6(4) 
C40B2-P3B2-Ni12 119.5(5) 
C41B2-P3B2-Ni12 113.7(4) 
C39B2-P3B2-Ni12 116.8(5) 
P3B2-C39B2-H39J2 109.5 
P3B2-C39B2-H39K2 109.5 
H39J2-C39B2-H39K2 109.5 
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P3B2-C39B2-H39L2 109.5 
H39J2-C39B2-H39L2 109.5 
H39K2-C39B2-H39L2 109.5 
P3B2-C40B2-H40J2 109.5 
P3B2-C40B2-H40K2 109.5 
H40J2-C40B2-H40K2 109.5 
P3B2-C40B2-H40L2 109.5 
H40J2-C40B2-H40L2 109.5 
H40K2-C40B2-H40L2 109.5 
P3B2-C41B2-H41J2 109.5 
P3B2-C41B2-H41K2 109.5 
H41J2-C41B2-H41K2 109.5 
P3B2-C41B2-H41L2 109.5 
H41J2-C41B2-H41L2 109.5 
H41K2-C41B2-H41L2 109.5 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
 
Table 1.  Crystal data and structure refinement for 7.1a 
Identification code  ba75jasq 
Empirical formula  C61 H46 B2 F30 Fe2 N4 O4 S2 
Formula weight  1666.46 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 42.193(2) Å a= 90°. 
 b = 20.4776(13) Å b= 106.507(4)°. 
 c = 17.1835(10) Å g = 90°. 
Volume 14235.0(15) Å3 
Z 8 
Density (calculated) 1.555 Mg/m3 
Absorption coefficient 0.592 mm-1 
F(000) 6688 
Crystal size 0.582 x 0.224 x 0.124 mm3 
Theta range for data collection 1.77 to 25.43°. 
Index ranges -50<=h<=50, -24<=k<=24, -20<=l<=20 
Reflections collected 100367 
Independent reflections 13119 [R(int) = 0.1241] 
Completeness to theta = 25.43° 99.7 %  
Absorption correction Integration 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 13119 / 1590 / 1207 
Goodness-of-fit on F2 0.962 
Final R indices [I>2sigma(I)] R1 = 0.0641, wR2 = 0.1532 
R indices (all data) R1 = 0.1212, wR2 = 0.1780 
Largest diff. peak and hole 0.640 and -0.674 e.Å-3 
 
Table D.29.   Bond lengths [Å] and angles [°] for 7.1a. 
_____________________________________________________ 
Fe(1)-C(3)  1.762(6) 
Fe(1)-C(4)  1.769(6) 
Fe(1)-C(1)  1.870(5) 
Fe(1)-S(4)  2.2631(14) 
Fe(1)-S(3)  2.2710(13) 
Fe(1)-Fe(2)  2.5192(9) 
Fe(2)-C(6)  1.763(6) 
Fe(2)-C(5)  1.771(6) 
Fe(2)-C(2)  1.881(5) 
Fe(2)-S(3)  2.2545(13) 
Fe(2)-S(4)  2.2595(14) 
S(3)-C(9)  1.826(5) 
S(4)-C(7)  1.827(5) 
O(1)-C(5)  1.150(6) 
O(2)-C(3)  1.147(6) 
O(3)-C(4)  1.155(6) 
O(4)-C(6)  1.158(6) 
N(1)-C(1)  1.162(6) 
N(1)-B(1)  1.538(7) 
N(2)-C(2)  1.148(5) 
N(2)-B(2)  1.533(6) 
C(7)-C(8)  1.505(7) 
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C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-C(9)  1.490(7) 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-H(9A)  0.9900 
C(9)-H(9B)  0.9900 
B(1)-C(40B)  1.623(7) 
B(1)-C(28A)  1.629(7) 
B(1)-C(34B)  1.630(8) 
B(1)-C(40A)  1.650(7) 
B(1)-C(34A)  1.657(7) 
B(1)-C(28B)  1.660(7) 
B(2)-C(10B)  1.645(13) 
B(2)-C(16B)  1.647(6) 
B(2)-C(22A)  1.652(8) 
B(2)-C(16A)  1.660(7) 
B(2)-C(10A)  1.664(5) 
B(2)-C(22B)  1.666(8) 
C(10A)-C(11A)  1.3822 
C(10A)-C(15A)  1.3844 
C(11A)-F(1A)  1.3500 
C(11A)-C(12A)  1.3845 
C(12A)-F(2A)  1.3353 
C(12A)-C(13A)  1.3588 
C(13A)-F(3A)  1.3478 
C(13A)-C(14A)  1.3687 
C(14A)-F(4A)  1.3484 
C(14A)-C(15A)  1.3783 
C(15A)-F(5A)  1.3441 
C(10B)-C(11B)  1.3820 
C(10B)-C(15B)  1.3844 
C(11B)-F(1B)  1.3500 
C(11B)-C(12B)  1.3846 
C(12B)-F(2B)  1.3352 
C(12B)-C(13B)  1.3588 
C(13B)-F(3B)  1.3478 
C(13B)-C(14B)  1.3688 
C(14B)-F(4B)  1.3485 
C(14B)-C(15B)  1.3782 
C(15B)-F(5B)  1.3441 
C(16A)-C(17A)  1.3820 
C(16A)-C(21A)  1.3845 
C(17A)-F(6A)  1.3501 
C(17A)-C(18A)  1.3844 
C(18A)-F(7A)  1.3353 
C(18A)-C(19A)  1.3589 
C(19A)-F(8A)  1.3478 
C(19A)-C(20A)  1.3687 
C(20A)-F(9A)  1.3485 
C(20A)-C(21A)  1.3783 
C(21A)-F(10A)  1.3440 
C(16B)-C(17B)  1.3821 
C(16B)-C(21B)  1.3845 
C(17B)-F(6B)  1.3500 
C(17B)-C(18B)  1.3845 
C(18B)-F(7B)  1.3354 
C(18B)-C(19B)  1.3586 
C(19B)-F(8B)  1.3479 
C(19B)-C(20B)  1.3689 
C(20B)-F(9B)  1.3483 
C(20B)-C(21B)  1.3783 
C(21B)-F(10B)  1.3440 
C(22A)-C(23A)  1.3821 
C(22A)-C(27A)  1.3845 
C(23A)-F(11A)  1.3501 
C(23A)-C(24A)  1.3845 
C(24A)-F(12A)  1.3353 
C(24A)-C(25A)  1.3588 
C(25A)-F(13A)  1.3479 
C(25A)-C(26A)  1.3687 
C(26A)-F(14A)  1.3484 
C(26A)-C(27A)  1.3782 
C(27A)-F(15A)  1.3441 
C(22B)-C(23B)  1.3822 
C(22B)-C(27B)  1.3844 
C(23B)-F(11B)  1.3500 
C(23B)-C(24B)  1.3844 
C(24B)-F(12B)  1.3354 
C(24B)-C(25B)  1.3587 
C(25B)-F(13B)  1.3478 
C(25B)-C(26B)  1.3688 
C(26B)-F(14B)  1.3484 
C(26B)-C(27B)  1.3782 
C(27B)-F(15B)  1.3442 
C(28A)-C(29A)  1.3820 
C(28A)-C(33A)  1.3845 
C(29A)-F(16A)  1.3500 
C(29A)-C(30A)  1.3845 
C(30A)-F(17A)  1.3353 
C(30A)-C(31A)  1.3588 
C(31A)-F(18A)  1.3477 
C(31A)-C(32A)  1.3688 
C(32A)-F(19A)  1.3484 
C(32A)-C(33A)  1.3781 
C(33A)-F(20A)  1.3440 
C(28B)-C(29B)  1.3821 
C(28B)-C(33B)  1.3846 
C(29B)-F(16B)  1.3500 
C(29B)-C(30B)  1.3844 
C(30B)-F(17B)  1.3353 
C(30B)-C(31B)  1.3587 
C(31B)-F(18B)  1.3478 
C(31B)-C(32B)  1.3688 
C(32B)-F(19B)  1.3484 
C(32B)-C(33B)  1.3782 
C(33B)-F(20B)  1.3439 
C(34A)-C(35A)  1.3820 
C(34A)-C(39A)  1.3845 
C(35A)-F(21A)  1.3501 
C(35A)-C(36A)  1.3844 
C(36A)-F(22A)  1.3354 
C(36A)-C(37A)  1.3587 
C(37A)-F(23A)  1.3478 
C(37A)-C(38A)  1.3688 
C(38A)-F(24A)  1.3484 
C(38A)-C(39A)  1.3783 
C(39A)-F(25A)  1.3441 
C(34B)-C(35B)  1.3821 
C(34B)-C(39B)  1.3846 
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C(35B)-F(21B)  1.3501 
C(35B)-C(36B)  1.3844 
C(36B)-F(22B)  1.3352 
C(36B)-C(37B)  1.3588 
C(37B)-F(23B)  1.3478 
C(37B)-C(38B)  1.3687 
C(38B)-F(24B)  1.3485 
C(38B)-C(39B)  1.3783 
C(39B)-F(25B)  1.3439 
C(40A)-C(41A)  1.3821 
C(40A)-C(45A)  1.3845 
C(41A)-F(26A)  1.3501 
C(41A)-C(42A)  1.3845 
C(42A)-F(27A)  1.3353 
C(42A)-C(43A)  1.3588 
C(43A)-F(28A)  1.3478 
C(43A)-C(44A)  1.3687 
C(44A)-F(29A)  1.3484 
C(44A)-C(45A)  1.3782 
C(45A)-F(30A)  1.3441 
C(40B)-C(41B)  1.3821 
C(40B)-C(45B)  1.3845 
C(41B)-F(26B)  1.3500 
C(41B)-C(42B)  1.3844 
C(42B)-F(27B)  1.3354 
C(42B)-C(43B)  1.3589 
C(43B)-F(28B)  1.3478 
C(43B)-C(44B)  1.3687 
C(44B)-F(29B)  1.3484 
C(44B)-C(45B)  1.3783 
C(45B)-F(30B)  1.3441 
N(3)-C(46)  1.493(6) 
N(3)-C(46)#1  1.493(6) 
N(3)-C(48)  1.523(7) 
N(3)-C(48)#1  1.523(7) 
N(4)-C(64)  1.494(7) 
N(4)-C(62)  1.512(6) 
N(4)-C(58)  1.522(7) 
N(4)-C(60)  1.528(7) 
C(46)-C(47)  1.499(9) 
C(46)-H(46A)  0.9900 
C(46)-H(46B)  0.9900 
C(47)-H(47A)  0.9800 
C(47)-H(47B)  0.9800 
C(47)-H(47C)  0.9800 
C(48)-C(49)  1.514(9) 
C(48)-H(48A)  0.9900 
C(48)-H(48B)  0.9900 
C(49)-H(49A)  0.9800 
C(49)-H(49B)  0.9800 
C(49)-H(49C)  0.9800 
C(58)-C(59)  1.502(8) 
C(58)-H(58A)  0.9900 
C(58)-H(58B)  0.9900 
C(59)-H(59A)  0.9800 
C(59)-H(59B)  0.9800 
C(59)-H(59C)  0.9800 
C(60)-C(61)  1.492(9) 
C(60)-H(60A)  0.9900 
C(60)-H(60B)  0.9900 
C(61)-H(61A)  0.9800 
C(61)-H(61B)  0.9800 
C(61)-H(61C)  0.9800 
C(62)-C(63)  1.522(8) 
C(62)-H(62A)  0.9900 
C(62)-H(62B)  0.9900 
C(63)-H(63A)  0.9800 
C(63)-H(63B)  0.9800 
C(63)-H(63C)  0.9800 
C(64)-C(65)  1.529(9) 
C(64)-H(64A)  0.9900 
C(64)-H(64B)  0.9900 
C(65)-H(65A)  0.9800 
C(65)-H(65B)  0.9800 
C(65)-H(65C)  0.9800 
N(5)-C(50)  1.510(7) 
N(5)-C(50)#2  1.510(7) 
N(5)-C(69)#2  1.518(7) 
N(5)-C(69)  1.518(7) 
C(50)-C(51)  1.531(8) 
C(50)-H(50A)  0.9900 
C(50)-H(50B)  0.9900 
C(51)-H(51A)  0.9800 
C(51)-H(51B)  0.9800 
C(51)-H(51C)  0.9800 
C(69)-C(70)  1.540(9) 
C(69)-H(69A)  0.9900 
C(69)-H(69B)  0.9900 
C(70)-H(70A)  0.9800 
C(70)-H(70B)  0.9800 
C(70)-H(70C)  0.9800 
 
C(3)-Fe(1)-C(4) 94.0(2) 
C(3)-Fe(1)-C(1) 95.0(2) 
C(4)-Fe(1)-C(1) 99.2(2) 
C(3)-Fe(1)-S(4) 88.7(2) 
C(4)-Fe(1)-S(4) 163.75(16) 
C(1)-Fe(1)-S(4) 96.53(14) 
C(3)-Fe(1)-S(3) 158.80(19) 
C(4)-Fe(1)-S(3) 87.05(16) 
C(1)-Fe(1)-S(3) 105.79(13) 
S(4)-Fe(1)-S(3) 84.77(5) 
C(3)-Fe(1)-Fe(2) 104.05(19) 
C(4)-Fe(1)-Fe(2) 107.81(16) 
C(1)-Fe(1)-Fe(2) 145.44(13) 
S(4)-Fe(1)-Fe(2) 56.08(4) 
S(3)-Fe(1)-Fe(2) 55.86(4) 
C(6)-Fe(2)-C(5) 98.9(2) 
C(6)-Fe(2)-C(2) 90.5(2) 
C(5)-Fe(2)-C(2) 97.9(2) 
C(6)-Fe(2)-S(3) 147.97(19) 
C(5)-Fe(2)-S(3) 113.10(17) 
C(2)-Fe(2)-S(3) 86.04(14) 
C(6)-Fe(2)-S(4) 88.18(17) 
C(5)-Fe(2)-S(4) 100.75(16) 
C(2)-Fe(2)-S(4) 161.32(14) 
S(3)-Fe(2)-S(4) 85.24(5) 
C(6)-Fe(2)-Fe(1) 94.19(18) 
C(5)-Fe(2)-Fe(1) 153.17(16) 
C(2)-Fe(2)-Fe(1) 105.35(14) 
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S(3)-Fe(2)-Fe(1) 56.49(4) 
S(4)-Fe(2)-Fe(1) 56.22(4) 
C(9)-S(3)-Fe(2) 113.15(18) 
C(9)-S(3)-Fe(1) 111.59(17) 
Fe(2)-S(3)-Fe(1) 67.65(4) 
C(7)-S(4)-Fe(2) 113.43(17) 
C(7)-S(4)-Fe(1) 110.37(19) 
Fe(2)-S(4)-Fe(1) 67.70(4) 
C(1)-N(1)-B(1) 172.5(4) 
C(2)-N(2)-B(2) 178.2(4) 
N(1)-C(1)-Fe(1) 174.1(4) 
N(2)-C(2)-Fe(2) 177.8(4) 
O(2)-C(3)-Fe(1) 178.0(5) 
O(3)-C(4)-Fe(1) 178.1(4) 
O(1)-C(5)-Fe(2) 174.8(5) 
O(4)-C(6)-Fe(2) 179.4(6) 
C(8)-C(7)-S(4) 115.7(4) 
C(8)-C(7)-H(7A) 108.4 
S(4)-C(7)-H(7A) 108.4 
C(8)-C(7)-H(7B) 108.4 
S(4)-C(7)-H(7B) 108.4 
H(7A)-C(7)-H(7B) 107.4 
C(9)-C(8)-C(7) 114.0(4) 
C(9)-C(8)-H(8A) 108.7 
C(7)-C(8)-H(8A) 108.7 
C(9)-C(8)-H(8B) 108.7 
C(7)-C(8)-H(8B) 108.7 
H(8A)-C(8)-H(8B) 107.6 
C(8)-C(9)-S(3) 116.2(4) 
C(8)-C(9)-H(9A) 108.2 
S(3)-C(9)-H(9A) 108.2 
C(8)-C(9)-H(9B) 108.2 
S(3)-C(9)-H(9B) 108.2 
H(9A)-C(9)-H(9B) 107.4 
N(1)-B(1)-C(40B) 100.7(5) 
N(1)-B(1)-C(28A) 105.4(5) 
C(40B)-B(1)-C(28A) 119.3(6) 
N(1)-B(1)-C(34B) 111.7(4) 
C(40B)-B(1)-C(34B) 116.7(5) 
C(28A)-B(1)-C(34B) 102.6(6) 
N(1)-B(1)-C(40A) 102.8(6) 
C(40B)-B(1)-C(40A) 2.1(8) 
C(28A)-B(1)-C(40A) 118.7(6) 
C(34B)-B(1)-C(40A) 115.3(6) 
N(1)-B(1)-C(34A) 113.3(4) 
C(40B)-B(1)-C(34A) 115.3(5) 
C(28A)-B(1)-C(34A) 102.8(6) 
C(34B)-B(1)-C(34A) 1.8(5) 
C(40A)-B(1)-C(34A) 113.8(5) 
N(1)-B(1)-C(28B) 109.1(5) 
C(40B)-B(1)-C(28B) 112.5(6) 
C(28A)-B(1)-C(28B) 6.9(6) 
C(34B)-B(1)-C(28B) 105.9(7) 
C(40A)-B(1)-C(28B) 112.0(7) 
C(34A)-B(1)-C(28B) 105.8(6) 
N(2)-B(2)-C(10B) 110.4(8) 
N(2)-B(2)-C(16B) 105.3(5) 
C(10B)-B(2)-C(16B) 113.0(8) 
N(2)-B(2)-C(22A) 110.8(4) 
C(10B)-B(2)-C(22A) 103.4(9) 
C(16B)-B(2)-C(22A) 114.1(5) 
N(2)-B(2)-C(16A) 102.1(5) 
C(10B)-B(2)-C(16A) 119.8(9) 
C(16B)-B(2)-C(16A) 6.8(6) 
C(22A)-B(2)-C(16A) 110.4(6) 
N(2)-B(2)-C(10A) 111.1(3) 
C(10B)-B(2)-C(10A) 3.5(8) 
C(16B)-B(2)-C(10A) 109.7(4) 
C(22A)-B(2)-C(10A) 106.0(5) 
C(16A)-B(2)-C(10A) 116.5(5) 
N(2)-B(2)-C(22B) 107.7(6) 
C(10B)-B(2)-C(22B) 103.5(10) 
C(16B)-B(2)-C(22B) 116.9(5) 
C(22A)-B(2)-C(22B) 3.5(5) 
C(16A)-B(2)-C(22B) 113.0(6) 
C(10A)-B(2)-C(22B) 106.2(5) 
C(11A)-C(10A)-C(15A) 113.5 
C(11A)-C(10A)-B(2) 126.4(2) 
C(15A)-C(10A)-B(2) 119.0(2) 
F(1A)-C(11A)-C(10A) 120.8 
F(1A)-C(11A)-C(12A) 114.4 
C(10A)-C(11A)-C(12A) 124.7 
F(2A)-C(12A)-C(13A) 120.1 
F(2A)-C(12A)-C(11A) 121.2 
C(13A)-C(12A)-C(11A) 118.7 
F(3A)-C(13A)-C(12A) 119.9 
F(3A)-C(13A)-C(14A) 120.4 
C(12A)-C(13A)-C(14A) 119.7 
F(4A)-C(14A)-C(13A) 120.6 
F(4A)-C(14A)-C(15A) 119.6 
C(13A)-C(14A)-C(15A) 119.8 
F(5A)-C(15A)-C(14A) 117.3 
F(5A)-C(15A)-C(10A) 119.0 
C(14A)-C(15A)-C(10A) 123.6 
C(11B)-C(10B)-C(15B) 113.5 
C(11B)-C(10B)-B(2) 124.9(10) 
C(15B)-C(10B)-B(2) 120.2(11) 
F(1B)-C(11B)-C(10B) 120.8 
F(1B)-C(11B)-C(12B) 114.4 
C(10B)-C(11B)-C(12B) 124.7 
F(2B)-C(12B)-C(13B) 120.1 
F(2B)-C(12B)-C(11B) 121.2 
C(13B)-C(12B)-C(11B) 118.7 
F(3B)-C(13B)-C(12B) 119.9 
F(3B)-C(13B)-C(14B) 120.4 
C(12B)-C(13B)-C(14B) 119.7 
F(4B)-C(14B)-C(13B) 120.6 
F(4B)-C(14B)-C(15B) 119.6 
C(13B)-C(14B)-C(15B) 119.8 
F(5B)-C(15B)-C(14B) 117.3 
F(5B)-C(15B)-C(10B) 119.0 
C(14B)-C(15B)-C(10B) 123.6 
C(17A)-C(16A)-C(21A) 113.5 
C(17A)-C(16A)-B(2) 125.0(5) 
C(21A)-C(16A)-B(2) 121.5(5) 
F(6A)-C(17A)-C(16A) 120.8 
F(6A)-C(17A)-C(18A) 114.4 
C(16A)-C(17A)-C(18A) 124.8 
F(7A)-C(18A)-C(19A) 120.1 
F(7A)-C(18A)-C(17A) 121.2 
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C(19A)-C(18A)-C(17A) 118.7 
F(8A)-C(19A)-C(18A) 119.9 
F(8A)-C(19A)-C(20A) 120.4 
C(18A)-C(19A)-C(20A) 119.7 
F(9A)-C(20A)-C(19A) 120.6 
F(9A)-C(20A)-C(21A) 119.6 
C(19A)-C(20A)-C(21A) 119.8 
F(10A)-C(21A)-C(20A) 117.3 
F(10A)-C(21A)-C(16A) 119.0 
C(20A)-C(21A)-C(16A) 123.6 
C(17B)-C(16B)-C(21B) 113.5 
C(17B)-C(16B)-B(2) 126.2(4) 
C(21B)-C(16B)-B(2) 120.1(4) 
F(6B)-C(17B)-C(16B) 120.8 
F(6B)-C(17B)-C(18B) 114.4 
C(16B)-C(17B)-C(18B) 124.7 
F(7B)-C(18B)-C(19B) 120.1 
F(7B)-C(18B)-C(17B) 121.2 
C(19B)-C(18B)-C(17B) 118.7 
F(8B)-C(19B)-C(18B) 119.9 
F(8B)-C(19B)-C(20B) 120.4 
C(18B)-C(19B)-C(20B) 119.7 
F(9B)-C(20B)-C(19B) 120.6 
F(9B)-C(20B)-C(21B) 119.6 
C(19B)-C(20B)-C(21B) 119.8 
F(10B)-C(21B)-C(20B) 117.3 
F(10B)-C(21B)-C(16B) 119.0 
C(20B)-C(21B)-C(16B) 123.6 
C(23A)-C(22A)-C(27A) 113.5 
C(23A)-C(22A)-B(2) 126.8(3) 
C(27A)-C(22A)-B(2) 119.7(3) 
F(11A)-C(23A)-C(22A) 120.8 
F(11A)-C(23A)-C(24A) 114.4 
C(22A)-C(23A)-C(24A) 124.8 
F(12A)-C(24A)-C(25A) 120.1 
F(12A)-C(24A)-C(23A) 121.2 
C(25A)-C(24A)-C(23A) 118.7 
F(13A)-C(25A)-C(24A) 119.9 
F(13A)-C(25A)-C(26A) 120.4 
C(24A)-C(25A)-C(26A) 119.7 
F(14A)-C(26A)-C(25A) 120.6 
F(14A)-C(26A)-C(27A) 119.6 
C(25A)-C(26A)-C(27A) 119.8 
F(15A)-C(27A)-C(26A) 117.3 
F(15A)-C(27A)-C(22A) 119.0 
C(26A)-C(27A)-C(22A) 123.6 
C(23B)-C(22B)-C(27B) 113.5 
C(23B)-C(22B)-B(2) 126.2(4) 
C(27B)-C(22B)-B(2) 120.1(4) 
F(11B)-C(23B)-C(22B) 120.8 
F(11B)-C(23B)-C(24B) 114.4 
C(22B)-C(23B)-C(24B) 124.7 
F(12B)-C(24B)-C(25B) 120.1 
F(12B)-C(24B)-C(23B) 121.2 
C(25B)-C(24B)-C(23B) 118.7 
F(13B)-C(25B)-C(24B) 119.9 
F(13B)-C(25B)-C(26B) 120.4 
C(24B)-C(25B)-C(26B) 119.7 
F(14B)-C(26B)-C(25B) 120.6 
F(14B)-C(26B)-C(27B) 119.6 
C(25B)-C(26B)-C(27B) 119.8 
F(15B)-C(27B)-C(26B) 117.3 
F(15B)-C(27B)-C(22B) 119.0 
C(26B)-C(27B)-C(22B) 123.6 
C(29A)-C(28A)-C(33A) 113.5 
C(29A)-C(28A)-B(1) 125.0(4) 
C(33A)-C(28A)-B(1) 121.5(4) 
F(16A)-C(29A)-C(28A) 120.8 
F(16A)-C(29A)-C(30A) 114.4 
C(28A)-C(29A)-C(30A) 124.7 
F(17A)-C(30A)-C(31A) 120.1 
F(17A)-C(30A)-C(29A) 121.2 
C(31A)-C(30A)-C(29A) 118.7 
F(18A)-C(31A)-C(30A) 119.9 
F(18A)-C(31A)-C(32A) 120.4 
C(30A)-C(31A)-C(32A) 119.7 
F(19A)-C(32A)-C(31A) 120.6 
F(19A)-C(32A)-C(33A) 119.6 
C(31A)-C(32A)-C(33A) 119.8 
F(20A)-C(33A)-C(32A) 117.3 
F(20A)-C(33A)-C(28A) 119.0 
C(32A)-C(33A)-C(28A) 123.6 
C(29B)-C(28B)-C(33B) 113.5 
C(29B)-C(28B)-B(1) 125.6(5) 
C(33B)-C(28B)-B(1) 120.5(5) 
F(16B)-C(29B)-C(28B) 120.8 
F(16B)-C(29B)-C(30B) 114.5 
C(28B)-C(29B)-C(30B) 124.7 
F(17B)-C(30B)-C(31B) 120.1 
F(17B)-C(30B)-C(29B) 121.2 
C(31B)-C(30B)-C(29B) 118.7 
F(18B)-C(31B)-C(30B) 119.9 
F(18B)-C(31B)-C(32B) 120.4 
C(30B)-C(31B)-C(32B) 119.7 
F(19B)-C(32B)-C(31B) 120.6 
F(19B)-C(32B)-C(33B) 119.6 
C(31B)-C(32B)-C(33B) 119.8 
F(20B)-C(33B)-C(32B) 117.3 
F(20B)-C(33B)-C(28B) 119.0 
C(32B)-C(33B)-C(28B) 123.6 
C(35A)-C(34A)-C(39A) 113.5 
C(35A)-C(34A)-B(1) 126.0(4) 
C(39A)-C(34A)-B(1) 119.2(4) 
F(21A)-C(35A)-C(34A) 120.8 
F(21A)-C(35A)-C(36A) 114.4 
C(34A)-C(35A)-C(36A) 124.7 
F(22A)-C(36A)-C(37A) 120.1 
F(22A)-C(36A)-C(35A) 121.2 
C(37A)-C(36A)-C(35A) 118.7 
F(23A)-C(37A)-C(36A) 119.9 
F(23A)-C(37A)-C(38A) 120.4 
C(36A)-C(37A)-C(38A) 119.7 
F(24A)-C(38A)-C(37A) 120.6 
F(24A)-C(38A)-C(39A) 119.6 
C(37A)-C(38A)-C(39A) 119.8 
F(25A)-C(39A)-C(38A) 117.3 
F(25A)-C(39A)-C(34A) 119.0 
C(38A)-C(39A)-C(34A) 123.6 
C(35B)-C(34B)-C(39B) 113.5 
C(35B)-C(34B)-B(1) 128.3(4) 
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C(39B)-C(34B)-B(1) 116.6(4) 
F(21B)-C(35B)-C(34B) 120.8 
F(21B)-C(35B)-C(36B) 114.4 
C(34B)-C(35B)-C(36B) 124.8 
F(22B)-C(36B)-C(37B) 120.1 
F(22B)-C(36B)-C(35B) 121.2 
C(37B)-C(36B)-C(35B) 118.7 
F(23B)-C(37B)-C(36B) 119.9 
F(23B)-C(37B)-C(38B) 120.4 
C(36B)-C(37B)-C(38B) 119.7 
F(24B)-C(38B)-C(37B) 120.6 
F(24B)-C(38B)-C(39B) 119.6 
C(37B)-C(38B)-C(39B) 119.8 
F(25B)-C(39B)-C(38B) 117.3 
F(25B)-C(39B)-C(34B) 119.0 
C(38B)-C(39B)-C(34B) 123.6 
C(41A)-C(40A)-C(45A) 113.5 
C(41A)-C(40A)-B(1) 125.8(4) 
C(45A)-C(40A)-B(1) 119.5(4) 
F(26A)-C(41A)-C(40A) 120.8 
F(26A)-C(41A)-C(42A) 114.4 
C(40A)-C(41A)-C(42A) 124.7 
F(27A)-C(42A)-C(43A) 120.1 
F(27A)-C(42A)-C(41A) 121.2 
C(43A)-C(42A)-C(41A) 118.7 
F(28A)-C(43A)-C(42A) 119.9 
F(28A)-C(43A)-C(44A) 120.4 
C(42A)-C(43A)-C(44A) 119.7 
F(29A)-C(44A)-C(43A) 120.6 
F(29A)-C(44A)-C(45A) 119.6 
C(43A)-C(44A)-C(45A) 119.8 
F(30A)-C(45A)-C(44A) 117.3 
F(30A)-C(45A)-C(40A) 119.0 
C(44A)-C(45A)-C(40A) 123.6 
C(41B)-C(40B)-C(45B) 113.5 
C(41B)-C(40B)-B(1) 126.2(4) 
C(45B)-C(40B)-B(1) 120.0(4) 
F(26B)-C(41B)-C(40B) 120.8 
F(26B)-C(41B)-C(42B) 114.4 
C(40B)-C(41B)-C(42B) 124.7 
F(27B)-C(42B)-C(43B) 120.1 
F(27B)-C(42B)-C(41B) 121.2 
C(43B)-C(42B)-C(41B) 118.7 
F(28B)-C(43B)-C(42B) 119.9 
F(28B)-C(43B)-C(44B) 120.4 
C(42B)-C(43B)-C(44B) 119.7 
F(29B)-C(44B)-C(43B) 120.6 
F(29B)-C(44B)-C(45B) 119.6 
C(43B)-C(44B)-C(45B) 119.8 
F(30B)-C(45B)-C(44B) 117.3 
F(30B)-C(45B)-C(40B) 119.0 
C(44B)-C(45B)-C(40B) 123.6 
C(46)-N(3)-C(46)#1 106.1(6) 
C(46)-N(3)-C(48) 110.4(3) 
C(46)#1-N(3)-C(48) 111.9(4) 
C(46)-N(3)-C(48)#1 111.9(4) 
C(46)#1-N(3)-C(48)#1 110.4(3) 
C(48)-N(3)-C(48)#1 106.2(6) 
C(64)-N(4)-C(62) 111.9(4) 
C(64)-N(4)-C(58) 112.0(4) 
C(62)-N(4)-C(58) 106.7(4) 
C(64)-N(4)-C(60) 107.5(4) 
C(62)-N(4)-C(60) 110.0(4) 
C(58)-N(4)-C(60) 108.8(4) 
N(3)-C(46)-C(47) 116.2(6) 
N(3)-C(46)-H(46A) 108.2 
C(47)-C(46)-H(46A) 108.2 
N(3)-C(46)-H(46B) 108.2 
C(47)-C(46)-H(46B) 108.2 
H(46A)-C(46)-H(46B) 107.4 
C(46)-C(47)-H(47A) 109.5 
C(46)-C(47)-H(47B) 109.5 
H(47A)-C(47)-H(47B) 109.5 
C(46)-C(47)-H(47C) 109.5 
H(47A)-C(47)-H(47C) 109.5 
H(47B)-C(47)-H(47C) 109.5 
C(49)-C(48)-N(3) 114.9(5) 
C(49)-C(48)-H(48A) 108.6 
N(3)-C(48)-H(48A) 108.6 
C(49)-C(48)-H(48B) 108.6 
N(3)-C(48)-H(48B) 108.6 
H(48A)-C(48)-H(48B) 107.5 
C(48)-C(49)-H(49A) 109.5 
C(48)-C(49)-H(49B) 109.5 
H(49A)-C(49)-H(49B) 109.5 
C(48)-C(49)-H(49C) 109.5 
H(49A)-C(49)-H(49C) 109.5 
H(49B)-C(49)-H(49C) 109.5 
C(59)-C(58)-N(4) 114.4(5) 
C(59)-C(58)-H(58A) 108.7 
N(4)-C(58)-H(58A) 108.7 
C(59)-C(58)-H(58B) 108.7 
N(4)-C(58)-H(58B) 108.7 
H(58A)-C(58)-H(58B) 107.6 
C(58)-C(59)-H(59A) 109.5 
C(58)-C(59)-H(59B) 109.5 
H(59A)-C(59)-H(59B) 109.5 
C(58)-C(59)-H(59C) 109.5 
H(59A)-C(59)-H(59C) 109.5 
H(59B)-C(59)-H(59C) 109.5 
C(61)-C(60)-N(4) 116.3(5) 
C(61)-C(60)-H(60A) 108.2 
N(4)-C(60)-H(60A) 108.2 
C(61)-C(60)-H(60B) 108.2 
N(4)-C(60)-H(60B) 108.2 
H(60A)-C(60)-H(60B) 107.4 
C(60)-C(61)-H(61A) 109.5 
C(60)-C(61)-H(61B) 109.5 
H(61A)-C(61)-H(61B) 109.5 
C(60)-C(61)-H(61C) 109.5 
H(61A)-C(61)-H(61C) 109.5 
H(61B)-C(61)-H(61C) 109.5 
N(4)-C(62)-C(63) 114.9(5) 
N(4)-C(62)-H(62A) 108.5 
C(63)-C(62)-H(62A) 108.5 
N(4)-C(62)-H(62B) 108.5 
C(63)-C(62)-H(62B) 108.5 
H(62A)-C(62)-H(62B) 107.5 
C(62)-C(63)-H(63A) 109.5 
C(62)-C(63)-H(63B) 109.5 
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H(63A)-C(63)-H(63B) 109.5 
C(62)-C(63)-H(63C) 109.5 
H(63A)-C(63)-H(63C) 109.5 
H(63B)-C(63)-H(63C) 109.5 
N(4)-C(64)-C(65) 113.5(6) 
N(4)-C(64)-H(64A) 108.9 
C(65)-C(64)-H(64A) 108.9 
N(4)-C(64)-H(64B) 108.9 
C(65)-C(64)-H(64B) 108.9 
H(64A)-C(64)-H(64B) 107.7 
C(64)-C(65)-H(65A) 109.5 
C(64)-C(65)-H(65B) 109.5 
H(65A)-C(65)-H(65B) 109.5 
C(64)-C(65)-H(65C) 109.5 
H(65A)-C(65)-H(65C) 109.5 
H(65B)-C(65)-H(65C) 109.5 
C(50)-N(5)-C(50)#2 111.2(6) 
C(50)-N(5)-C(69)#2 110.2(4) 
C(50)#2-N(5)-C(69)#2 106.8(4) 
C(50)-N(5)-C(69) 106.8(4) 
C(50)#2-N(5)-C(69) 110.2(4) 
C(69)#2-N(5)-C(69) 111.7(7) 
N(5)-C(50)-C(51) 114.5(5) 
N(5)-C(50)-H(50A) 108.6 
C(51)-C(50)-H(50A) 108.6 
N(5)-C(50)-H(50B) 108.6 
C(51)-C(50)-H(50B) 108.6 
H(50A)-C(50)-H(50B) 107.6 
C(50)-C(51)-H(51A) 109.5 
C(50)-C(51)-H(51B) 109.5 
H(51A)-C(51)-H(51B) 109.5 
C(50)-C(51)-H(51C) 109.5 
H(51A)-C(51)-H(51C) 109.5 
H(51B)-C(51)-H(51C) 109.5 
N(5)-C(69)-C(70) 113.9(5) 
N(5)-C(69)-H(69A) 108.8 
C(70)-C(69)-H(69A) 108.8 
N(5)-C(69)-H(69B) 108.8 
C(70)-C(69)-H(69B) 108.8 
H(69A)-C(69)-H(69B) 107.7 
C(69)-C(70)-H(70A) 109.5 
C(69)-C(70)-H(70B) 109.5 
H(70A)-C(70)-H(70B) 109.5 
C(69)-C(70)-H(70C) 109.5 
H(70A)-C(70)-H(70C) 109.5 
H(70B)-C(70)-H(70C) 109.5 
______________________________________
_______________________ 
Symmetry transformations used to generate equivalent atoms:  
#1 -x,y,-z+1/2    #2 -x,y,-z+3/2      !  
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